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ABSTRACT: Models of seabed sediment mobilisation by waves and currents over Australia’s
continental shelf environment are used to examine whether disturbance regimes exist in the
context of the intermediate disturbance hypothesis (IDH), whereby maximum biodiversity co-
incides with moderate levels of disturbance. Our study shows that it is feasible to model the
frequency and magnitude of seabed disturbance in relation to the dominant energy source
(wave-, tide- or cyclone-dominated shelf). Areas are mapped where the recurrence interval of
disturbance events is comparable to the rate of ecological succession, which meets criteria
defined for a disturbance regime. We focus our attention on high-energy, patch-clearing
events defined as exceeding the Shields (bed shear stress) parameter value of 0.25. Using
known rates of ecological succession for different substrate types (gravel, sand and mud), pre-
dictions are made of the spatial distribution of a dimensionless ecological disturbance (ED)
index, given as: ED = FA(ES/RI), where ES is the ecological succession rate for different sub-
strates, RI is the recurrence interval of disturbance events and FA is the fraction of the frame
of reference (surface area) disturbed. Maps for the Australian continental shelf show small
patches of seafloor where ED indicates the potential existence of disturbance regimes (and
inferred greater biodiversity) distributed around the continent, on both the inner and outer
shelf. The patterns are different for wave-dominated (patches on the outer shelf trending par-
allel to the coast), tide-dominated (patches crossing the middle-shelf trending normal to the
coast) and cyclone-dominated (large oval-shaped patches crossing all depths) shelf environ-
ments. Only a small portion of the shelf (~10%) is characterised by a disturbance regime as
defined here.
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INTRODUCTION

Marine conservation initiatives are designed to
protect biodiversity by means of including informa-
tion on habitats and ecosystem processes (O'Boyle &
Jamieson 2006, Young et al. 2007, Cogan et al. 2009,
Ottersen et al. 2011). As such, an understanding of
the dominant disturbance-causing processes that
define and characterise different benthic environ-
ments is an important factor to ensure that the full
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range of different environments have been identified
so that they can be included in the design of conser-
vation measures. However, even though many spe-
cialists have recognised the importance of including
disturbance among the ecosystem characteristics,
there are very few published examples where they
have been included in management decisions
(Kostylev et al. 2005, Kostylev & Hannah 2007,
Cogan et al. 2009). This is probably because our
understanding of ecological disturbance is poor and
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our ability to represent disturbance processes spa-
tially is limited.

In this paper we address some physical aspects of
marine ecosystems that can be modelled and quanti-
fied to support management applications at broad
(continental shelf) spatial scales. Disturbances re-
lated to near-bed currents on the continental shelf
and the induced bed shear stress are assessed in
terms of their capacity to cause an ecological distur-
bance (i.e. creating a patch of disturbed habitat). A
disturbance regime exists if patch creation occurs at
a recurrence interval matching the community re-
covery time, which in turn is different for different
substrate types. Key questions we pose are: (1) what
are the main physical parameters controlling the
occurrence of disturbance regimes; (2) do conditions
exist on the Australian shelf for the occurrence of dis-
turbance regimes; and (3) if so, where do they occur?
Knowledge of the occurrence and spatial distribution
of ecosystems characterised by such disturbances is
an essential prerequisite to recognising and address-
ing their particular management requirements.

Physical disturbance of the seabed

A fundamental tenet of ecology is that ecosystems
and species evolve in response to a particular
regime where environmental disturbance can play a
significant role in controlling such things as life
cycles, food and nutrient supply and habitat avail-
ability. A definition of ecological disturbance was
provided by Pickett & White (1985) as ‘any discrete
event in time that disrupts ecosystem, community or
population structure and changes resources, sub-
strate availability, or the physical environment' (i.e.
alters niche opportunities for the species capable of
living in a given setting). The agents of ecological
disturbance can be many and varied including
biotic (e.g. predation and nutrient availability), phy-
sical (e.g. wave action and temperature), chemical
(e.g. dissolved oxygen and pH) and anthropogenic
(e.g. trawling and pollution), to list a few (e.g. Sousa
1984, Proulx & Mazumder 1998, Svensson et al.
2007). Each of these examples occurs at multiple
scales and is often contemporaneous, asynchronous
and heterogeneous. These processes play a crucial
role in the dynamic fluctuation of habitat availability
and biotic diversity (Field 2005). In the present
study, seabed disturbance is restricted to physical,
wave and current processes that clear a patch,
removing the benthic flora and fauna, thus pro-
ducing a space available for re-colonisation.

Habitat patches and the intermediate
disturbance hypothesis

When a disturbance agent creates a patch of open
space, an ecological succession ensues, with differ-
ent species arriving over time, until the disturbed
patch finally reverts to a mature state (Connell 1978).
Hence, landscapes that are subject to different dis-
turbance agents at different times exhibit a degree of
patchiness that relates to past disturbances, their
colonisation by opportunists and gradual recovery.
Hierarchies of patches coexist at multiple scales, cre-
ated by a range of physical and biological processes
(Wu & Loucks 1995). Patchy landscapes, within a
specified frame of reference and length scale, thus
contain greater biodiversity per unit area than either
the disturbed or undisturbed habitat alone.

The size of patches and the degree of patchiness
(the number of co-existing patches of different ages)
are related to the spatial scale and temporal fre-
quency of the physical disturbance. Exposure to
physical processes (specifically waves, currents and
sediment transport) can cause the tearing of plants
and sessile fauna from their place of attachment
(Thomsen et al. 2004), mobilisation of sediment and
burying of plants and animals (Aller & Todorov
1997), interference with suspension feeding (Lohrer
et al. 2006), damage to organisms by abrasion (Che-
roske et al. 2000), inhibition of larvae from settling
(Hutchinson & Williams 2001) or limitation of light
availability (Carruthers et al. 2002; see also review by
Hall 1994). Consider tropical cyclones as an example.
Modelling of shelf currents generated by these
events show how cyclonic wind shear can induce a
current field having depth-averaged peak flow
speeds of >2 m s~! within ~50 km from the eye of the
storm (Hearn & Holloway 1990, Keen & Slingerland
1993). Such flows have been shown to mobilise the
upper 1 m of bed sediment on the shelf and to disturb
the benthos (Morton 1988, Gagan et al. 1990, Hub-
bard 1992). In the case of reef substrates, Van Woesik
et al. (1991) described the effects of 1990 tropical
cyclone Ivor on the Great Barrier Reef as including
breakage and dislodgement of corals, mass move-
ments of sediments and debris and the removal of
sections of reef matrix. These levels of benthic distur-
bance and the size of the area over which extreme
flow speeds occur suggest a potential patch size of up
to 100 km diameter associated with tropical cyclones.
Puotinen (2004) examined cyclone track information
in the Great Barrier Reef extending from 1910 to
1999 and determined the temporal frequency of
cyclones on a 1 degree grid over the Great Barrier
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Reef. The median frequency ranged from 1 event
every 4 to 15 yr.

While the potential patch size and degree of patch-
iness can be estimated based on the spatial scale and
temporal frequency of the disturbing agent, the
actual patch size and degree of patchiness depends
on several factors, such as the heterogeneity of the
substrate type (particularly its shear strength), the
duration and stationarity of the disturbance event,
the robustness of the benthic species, and the ratio of
disturbance frequency to recovery rate, to name only
a few. The large number of factors that need to be
considered to determine whether or not a patch has
been created makes it extremely difficult to predict
the patchiness in any given environment. The agents
of disturbance considered here may or may not
create a cleared patch of substrate suitable for re-
colonisation, depending on the intensity of the event
in relation to the nature of the benthic community
and substrate in question. Communities composed of
fragile benthic animals are disturbed by events that
attain a lower bed shear stress than communities of
robust animals that have evolved to withstand more
energetic conditions. Furthermore, different sub-
strates are more or less susceptible to disturbance
depending on hardness, biological and chemical
binding, particle size, depth, bed morphology, orien-
tation to flow and a range of other factors (see review
by Hall 1994).

The framework used here for exploring ecological
disturbance is the intermediate disturbance hypothe-
sis (IDH), which proposes that habitats exposed to an
intermediate level of disturbance will have maximum
biodiversity. Lower levels of disturbance are associ-
ated with less biodiverse habitats dominated by the

relatively few species that survived competitive
exclusion, whereas higher levels of disturbance are
associated with less biodiverse habitats dominated
by pioneer species (Grime 1973, Connell 1978, Hus-
ton 1979). Intermediate levels of disturbance of a
habitat allow for the greatest diversity of species to
exist, in large part through the presence of disturbed
patches of varying ages and community succession.
Patchy landscapes, taken as a whole, contain a
greater number of species (greater biodiversity) per
unit area than either the disturbed or undisturbed
habitat alone (Wu & Loucks 1995).

In order to predict ecological disturbance on the
continental shelf (arising from physical stress at the
seabed), the key questions to resolve are: (1) what
is the time scale associated with ecological succes-
sion following patch creation; (2) what is the
magnitude of bed shear stress required to create a
patch in the benthic community present on an area
of shelf; and (3) what are the physical shelf pro-
cesses available to create patches and what is their
associated frequency?

Time scale of ecological succession

After an area of seabed has been disturbed, the
time required for the community to be restored to its
pre-disturbance state is controlled by a number of
factors, including substrate type, food availability,
temperature, oxygen and the annual variability in
these parameters (Kostylev et al. 2005, Kostylev &
Hannah 2007). Studies that have measured the rates
of recovery of different habitats have been carried
out mostly in temperate coastal environments.

Newell et al. (1998) provided a conceptual
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Fig. 1. Percentage recovery for different benthic communities versus
time required for ecological succession of different substrate types
(modified from Harris 2012) based on Newell et al. (1998) for gravel
sand and mud, with reef recovery times proposed by Done (1992),
Harmelin-Vivien (1994), Connell (1997) and Halford et al. (2004)

longer recovery times of ~10 yr relate to coral
reef habitats. This suggests that the window
for the period of disturbance regimes where
the IDH could apply should extend from ~1
to 10 yr for most shelf benthic communities
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(Fig. 1), although the rate of ecological succession
will vary with habitat type, productivity and climate
regime (see 'scope for growth' described by Kostylev
et al. 2005, Kostylev & Hannah 2007)

Magnitude of bed shear stress required
to clear a habitat patch

To create a cleared patch of habitat, the current
speed must attain some critical value above which
the community in question cannot remain intact.
Sediment transport theory can provide guidance on
what level of bed stress must be exceeded to create a
disturbed patch. Sediment transport only begins
when the bed shear stress provides sufficient force
(lift and drag) to overcome the force of gravity and
any cohesive effects binding the bed sediment (Mas-
selink & Hughes 2003). This is usually expressed in
terms of exceeding the critical bed shear stress
required for sediment entrainment (Sleath 1984,
Soulsby 1997). The classical work on sediment
entrainment was by Shields (1936). He expressed the
critical bed shear stress required to initiate sediment
motion (t.) non-dimensionally as the critical Shields
parameter, 0.:

0, =————— (1)

where p; is sediment density, p is water density, g is
acceleration due to gravity and d is grain diameter.
However, simply mobilising the bed sediment may
not be sufficient to create a cleared patch of habitat.
To create a disturbance, the flow-induced bed shear
stress must clear a patch of habitat through direct
damage to the benthos or through abrasion, light
reduction, burial or displacement by sediment trans-
port and/or bedform migration.

Once sediment grains are in motion, wave-like fea-
tures are formed on the seabed; these are known col-
lectively as bedforms. The migration of bedforms
across the seabed will produce a sequence of cover-
ing, uncovering and recovering a benthic commu-
nity. Whether bedform migration is sufficient to
cause a disturbance will obviously depend on the
scale of the bedform relative to the scale of the spe-
cies present. For example, 1 cm high ripple migration
is not likely to disturb a patch of seagrass; in fact, rip-
ples are commonly observed in healthy seagrass
beds. The migration of large, >5 m sand banks, in
contrast, has been hypothesised to be responsible for
the die-back of seagrass beds in Torres Strait (Daniell
et al. 2008). Thus, we may infer that disturbance of
the benthos is likely to occur when the sedimento-

logical conditions are met for the formation and
migration of large bedforms, which coincides with a
Shields parameter (non-dimensional bed shear
stress) value of 0.25. This value is several times larger
than that required to initiate traction bedload trans-
port (~0.05) and falls in the middle of the ripple and
dune bedform stability field. When 6. is >0.25, condi-
tions on the seabed are highly mobile and patches of
disturbed habitat are likely to be created; this value
is adopted as the critical threshold for the present
study.

Physical shelf processes available to create patches

A current type, or combination of current types,
that causes periodic or episodic disturbances meet-
ing the IDH criteria will give rise to a disturbance
regime. Tidal currents are an example of periodic
flows. Plants and animals that live in tidal environ-
ments are affected by the fortnightly neap—spring
cycle of the tides and are exposed to intense spring
tidal currents in macrotidal environments. Tidal
environments may be extremely energetic and cause
intense suspended and bedload transport. However,
tidal currents do not constitute an intermediate dis-
turbance regime in the context of benthic ecology,
because the recurrence interval of tides is short com-
pared with life cycles and recruitment of benthic
communities (Figs. 1 & 2). Also, because tidal cur-
rents would not be expected to create a patch of
newly disturbed habitat over daily or fortnightly
intervals, there are no patches of disturbed habitat
present in such a high-frequency current regime.
The benthos existing in a tidal environment will have
adapted to the energetic reversing currents that
occur twice daily (or daily in diurnal tidal systems),
and they have evolved to feed and reproduce in such
an environment, with different communities occur-
ring along the gradient of tidal bed shear stress (War-
wick & Uncles 1980, Long et al. 1997).

At the opposite end of the temporal spectrum are
disturbances that occur so infrequently that the pro-
cesses of colonisation and re-establishment of undis-
turbed seafloor are only rarely present together. For
the vast majority of the time there are no patches of
disturbed habitat present. Examples of such current-
related disturbances are shelves subject to tsunami
or mass failures (slumps or debris flows) that occur
only over centennial, millennial or geological time
scales (Fig. 2).

In the case of a true disturbance regime, the physi-
cal process must be infrequent enough that the com-
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Benthic disturbance regimes

that is disturbed enough to create space for
opportunistic species to colonise. For exam-

HIGH
Severe Tsunami,
storms: slumps
» cyclones, and
a typhoons, debris
g Temperate ;
= p hurricanes flows
n storms
— [2]
© €
o ©
< = )
2] 3 Intruding
g = ocean
£ E currents
o
m

Density
currents

LOW

ple, density currents formed on the continen-
tal shelf by processes that cool shelf waters
and/or increase salinity are known to occur
at different frequencies (Nunes Vaz et al.
1990, Williams & Bindoff 2003). Where mea-
surements have been made, it has been
shown that such density flows on the shelf
are mostly very weak (~10 cm s7') and are
thus incapable of causing a physical distur-
0 bance of their own accord (although cas-
cades of dense shelf water may attain much
greater speeds where they descend subma-
rine canyons; these are located on the conti-
nental slope rather than on the shelf, e.g.
Canals et al. 2006). Therefore, although den-
sity currents may occur at intervals compara-
ble to the life cycles and recruitment of ben-
thic species, they are unlikely to cause a
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Fig. 2. Conceptual diagram showing the typical frequency and
magnitude of shelf-current types in relation to those capable of caus-
ing a benthic disturbance regime by exceeding a critical level of
shear stress (0.) at a typical, mid-shelf geomorphic setting (modified
from Harris 2012). See ‘Physical shelf processes available to create

patches' for further explanation

munity is adapted to the lower energy conditions that
occur between current events. For this reason, the
gradation between true disturbance regimes and fre-
quent, high-energy storm or intruding ocean current
events is best viewed as a continuum rather than a
distinct boundary (Fig. 2). In a similar way, the inten-
sity of the bed stress that causes a disturbance (verti-
cal axis, Fig. 2) is also a continuum rather than a dis-
tinct boundary because different organisms will be
affected by high bed stress events in different ways.
Benthic plants and animals have physical attributes
that have evolved to yield some advantage for partic-
ular physical environments (Mann & Lazier 2006).
For some fragile, epibenthic plants or animals (e.g.
some bryozoans and gorgonians), exceedence of the
critical threshold value by any amount will be cata-
strophic, resulting in dislodgement, breakage and
fragmentation. Other species, such as heavily calci-
fied or massive forms (e.g. barrel sponges), deposit
feeders and infauna (e.g. bivalves), are able to with-
stand more intense bed stress events and can recover
quickly after the event is over (Hall 1994).

The process must be great enough in both magni-
tude and spatial extent to create a patch of habitat

1000 physical disturbance because of their low
intensity (Fig. 2).

Processes that occur within the frequency
range and with a great enough intensity to
cause a disturbance (i.e. the upper-centre of
Fig. 2) are temperate storms, the intrusion of
ocean currents onto the continental shelf and
severe storms. The frequency of occurrence
of these high-energy events coincides with
the time required by opportunistic colonisers to move
in and for the patch to recover to a pre-disturbed
state, resulting in patches of disturbed and undis-
turbed habitat to coexist.

Classification of the Australian shelf according to
the principal drivers for sediment transport (Fig. 3)
illustrates that a mixture of tidal currents and tropical
cyclones dominate the northern half of the Australian
shelf, whereas temperate storms and swell are im-
portant across the southern half. Historical tropical
cyclone tracks across the Australian shelf are largely
constrained between 10 and 25°S. The cyclone sea-
son extends from December to April, with average
occurrences of 1.5 and 2.5 cyclones per year for
the northeast and northwest margins, respectively
(Lourensz 1981). Temperate storms affect the south-
ern margin in winter and are responsible for episodic
large wave events; annual return significant wave
height up to 8.7 m is superimposed on persistent high
energy swell with a modal significant wave height of
2-3 m (Hemer et al. 2009). Intruding ocean currents
onto the shelf are of minor, localised importance
in the vicinity of Fraser Island (Queensland) and
Exmouth (Western Australia).
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rence interval (RI) matching the
community recovery time, which in
turn is different for different sub-
strate types (Fig. 1). Another aspect
is the spatial scale of the patch-cre-
ating process and the size of patches
of disturbed habitat created by an
event. To account for spatial hetero-
geneity in both disturbance pro-
cesses and substrate composition,
we must define a spatial frame of re-
ference and determine whether or
not the patches of disturbed habitat
= created by an event are larger or
smaller than the frame of reference.
These concepts are fundamental to
deriving any measure of habitat dis-
turbance or the presence/absence of
disturbance regimes. In order for the
conditions of a true disturbance re-
gime to be fulfilled, habitat patches
of disturbed, recovering and equi-
- librium benthic communities must

coexist within the spatial frame of

Fig. 3. Division of the Australian shelf (modified from Harris 1995) into regions
in which sediment transport is caused mainly by currents derived from tropical
cyclones, tidal currents, intruding ocean currents, and currents generated by
storms and ocean swell. Contours of tropical cyclone frequency per decade are
from Lourensz (1981) and contours for significant wave height percentage
exceedance are from McMillan (1982). Mean spring tide ranges indicated
along the coastline are derived from the Australian National Tide Tables.
The location and direction of flow of major ocean currents are indicated

reference. In other words, distur-
bance regimes only exist where the
patches of disturbed habitat created
by disturbance events occupy some
fraction (FA) of the spatial frame of
reference. Considering these factors

Temperate and severe (tropical cyclone) storms
control sediment transport over 82% of the shelf
area, whereas tidal currents and intruding ocean cur-
rents are predominant over 17.4 and 0.6% of the
shelf area, respectively (Porter-Smith et al. 2004).
Therefore, in the context of the IDH, up to 82.6 % of
the Australian shelf could potentially exist under a
disturbance regime that assists in maximising bio-
diversity.

THEORY OF SHELF DISTURBANCE REGIMES
Dimensionless ecological disturbance index

The recurrence interval of threshold-exceeding
(patch-creating) bed shear stress events is consid-
ered here in relation to the ecological succession
(ES) rates for different substrates (Fig. 1). An opti-
mised disturbance regime exists (and maximum bio-
diversity occurs) if patch creation occurs at a recur-

together (Fig. 4), we define here
a dimensionless ecological distur-
bance (ED) index as the ratio of ecological succes-
sion and disturbance recurrence interval times the
fraction of the area disturbed in any event:
ED= FAE (2)
RI

In the case where the frame of reference is equal to or
less than the size of patches of disturbed habitat
created by an event (FA = 1), any event will result in
the complete removal of the equilibrium community
within the spatial frame of reference. This does not
meet the criteria for a disturbance regime because
habitat patches of disturbed, recovering and equi-
librium benthic communities do not coexist within the
spatial frame of reference. Therefore, for a disturbance
regime to exist, patches of disturbed habitat created
by an event must be less than 100 % of the frame of

reference (FA must be fractionally less than 1).
If the disturbance recurs at the same or lesser time
intervals as the rate of ecological succession (1 yr for
mud, 3 yr for sand and 5 yr for gravel), then the
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- 4 times the time required for ES result in de-
creasing proportions of time when the effects
of disturbance are visible (33 and 25 % of the
N time, respectively). At increasing RIs it can
be seen that ED is asymptotic to the x-axis, so
ED does not reach zero. At some (small)

value of ED, however, the proportion of time
that disturbed or recovering communities are
present is very small compared with the
amount of time that the equilibrium commu-
nity is present, and we might agree that the
RI is too large to have any significant influ-
ence on the 'normal’ state of the community.

We acknowledge that this is an arbitrary
boundary, but suggest that ED = 0.2 is a rea-
sonable lower limit (Fig. 4). This equates
with maximum RIs of ~2.5 yr for mud, 7.5 yr
for sand and 10.5 yr for gravel (Fig. 4).

A theoretical maximum in biodiversity
will occur for ED = 0.5, where the patch

Recurrence interval (yr)

Fig. 4. Plot of ecological disturbance (ED) index for mud, sand and
gravel versus the log of recurrence interval (RI), which is the average
time in years between events where the Shields parameter exceeds
0.25. It is assumed that these events attain sufficient shear stress
magnitude to create a patch equal to 50% of the area of the chosen
frame of reference (i.e. FA = 0.5). Small values of ED represent de-
creasing proportions of time when disturbed or recovering habitats
are present. ED values >1 are out of range for disturbance regimes.
The lower bound for disturbance regimes occurs when RI>> ES (eco-
logical succession rate), assumed here to occur at ED = 0.2 (shown by
dashed lines and ?). See 'Dimensionless ecological disturbance index’

for further explanation

effects of the disturbance are visible for 100 % of the
time and the conditions for a disturbance regime are
not met. Where the recurrence interval is equal to the
rate of ecological succession, the habitat will only just
have completed its cycle of full recovery when the
area within the frame of reference is disturbed again;
the habitat occurring within the frame of reference is
in a continuous state of recovery from disturbance
and there is never an equilibrium community pre-
sent. Hence, for conditions where ES > RI (i.e. ED
>1), the system is outside the limits of a disturbance
regime as defined in the present study (Fig. 4).
Atlonger RIs the equilibrium community is present
within our frame of reference together with recover-
ing habitat patches. For example, at twice the time
required for ecological succession, we expect the dis-
turbed habitat with pioneers to be present for 50 % of
the time and the equilibrium community to be pre-

areas cleared by one or more disturbances
are equal to half the area of the frame of
reference. This yields equal areas of equi-
librium community and disturbed/recover-
ing patches being present at any given
time. We suggest that the relative propor-
tion of different community areas affects
community biodiversity in the same way as
the numbers of individuals affects evenness
of the Shannon species biodiversity index: a
sample of 100 individuals comprised of 50
individuals of species X and 50 individuals
of species Y is more diverse than a sample
containing 99 individuals of species X and
only 1 individual of species Y. So a frame of refer-
ence of 100 km? composed of 50 % equilibrium com-
munity and 50 % pioneer community is more diverse
than one composed of 99 % equilibrium community
and 1% pioneer community.

The effect of including the spatial fraction multi-
plier (FA) in Eq. (2) is to push the curves closer to the
origin. This mathematical analysis ignores many
complexities associated with the true heterogeneity
of the seafloor which, in turn, gives rise to habitat
patchiness. During a shear stress event where the
Shields parameter exceeds 0.25, a number of factors
may cause some areas to become quickly stripped
clear of epibenthos and others to resist damage.
These factors include subtle variations in depth, local
shielding behind rocky outcrops, greater or lesser
efficient biological or chemical bounding of bed sed-
iments, bedform size and migration rates, sediment
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armouring of the bed and variations in the thickness
(and availability for transport) of unconsolidated
sediments. Patchiness is also created by biological
factors such as disease, predation, competition and
different responses during reproductive events, to
name a few.

In this study, our frame of reference is set by the
model grid size equal to 0.1° (approximately 10 x
10 km). This area (100 km?) is clearly small compared
with the size of oceanographic processes that might
disturb the seafloor, such as tropical cyclones, tem-
perate storms or intruding ocean currents. However,
because of the factors listed above, we also know that
100 km? of seafloor is likely to possess a certain
degree of heterogeneity that would result in a spa-
tially patchy response to any disturbance event. We
are not aware of any research that has measured the
actual patchiness of disturbed benthic habitat result-
ing from a specific disturbance event. Therefore, val-
ues of FA>0.1 and <1 are assumed to be valid for the
purposes of this study, whereby any disturbance
event (where the Shields parameter exceeds 0.25)
will remove some (FA) fraction of the equilibrium
community within each 100 km? grid cell.

METHODS

GEOMACS modelled bed shear stress due
to waves, tides and ocean currents

The Geological and Oceanograhic Model
of Australia's Continental Shelf (GEOMACS)
model used in this study is fully documented
elsewhere (Hemer 2006, Hughes et al. 2010).
The model has the following inputs: (1) near-
bed oscillatory currents due to wind waves {
and swell derived from the ocean wave
model (WAM) (The Wamdi Group 1988,
Greenslade 2001); (2) near-bed currents due 4
to tides from a linearised tidal model (Egbert
et al. 1994); (3) near-bed currents due to
wind- and density-driven circulation from s
the Ocean Circulation and Climate Advan-
ced Modelling (OCCAM) ocean circulation
model (Webb et al. 1998); (4) water depth
from a 250 m bathymetric grid (Whiteway
2009); and (5) mean grain size from Geo-
science Australia's sediment properties data-
base (Passlow et al. 2005). GEOMACS uses
these inputs together with a 1-dimensional
wave boundary layer model (Grant & Mad-
sen 1986, Li & Amos 2001) to calculate the

|_, Sand > mud \ TRy
. Mud > sand
B Gravel >30%

total bed shear stress due to combined currents and
waves. The GEOMACS output is an hourly time
series of bed shear stress covering an 11 yr period
(1 March 1997 to 28 February 2008) on a 0.1° grid
covering Australia's continental shelf (water depths
<300 m). This GEOMACS data set is used here to
spatially examine the Australian continental shelf for
areas that meet the criteria for an ecological distur-
bance regime.

Procedure to determine the ED index

At each location on the GEOMACS grid, the bed
sediment is classified in terms of mean grain size as
well as percent content of gravel, sand and mud.
Mean grain size was used in conjunction with the
GEOMACS modelled bed stress to compute a time
series of the Shields parameter (Eq. 1). Grid cells
were assigned to the ‘gravel’ class if percent gravel
was >30%, and if percent gravel was <30% they
were assigned to either the ‘sand’ or ‘'mud’ class
depending on which had the largest percentage (cf.
Folk 1974; Fig. 5). The ED index was then calculated
using Eq. (2) and the appropriate value for ES
depending on the sediment class. Note that because
of uncertainty surrounding the correct value of FA, it
was assigned a value of unity; thus, we present

B
A
* R
s ‘ i ‘ 4
& ¢
Sediment grain size ]

Fig. 5. Areas of gravel, sand and mud on the Australian continental
shelf, derived from point measurement data (n = 10000) stored in
Geoscience Australia's Marine Sediment (MARS) database (www.ga.

gov.au/oracle/mars/index.jsp)
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values for ED up to 10 because they
may be valid if FA assumes values
as low as 0.1.

RESULTS

In the north, the Shields parame-
ter exceeded 0.25 for large per-
centages of time across almost the
entire shelf width, whereas in the
south the same was only true on the
inner shelf (Fig. 6). The spatial pat-
tern in this parameter is consistent
with a tide-dominated northern
half and wave-dominated southern
half of the Australian Shelf (Fig. 3).

The amount of time between
threshold events for which the
Shields parameter exceeded 0.25
(Fig. 7) differed between wave- and
tide-dominated areas. On wave-
dominated areas of the shelf it
ranged from several hundred days
on the outer shelf to tens of days or
less on the inner shelf and close to
the coastline. This spatial pattern
mirrors the bathymetry and expo-
sure to the prevailing swell direc-
tion, i.e. the minimum recurrence
period between events occurred in
the shallowest water depths and
the coastal locations most exposed
to the swell.

On tide-dominated parts of the
shelf (Fig. 3), the recurrence inter-
val between threshold events of the
order 10 d or more (Fig. 7) was
broadly consistent across the shelf
width. Areas where the recurrence
interval locally reached 100 to sev-
eral hundred days were located in
a broad rim around the Gulf of Car-
pentaria and in isolated patches
across the north (Fig. 7). These
areas do not necessarily coincide
with the areas of greatest tidal bed
stress and were therefore attrib-
uted to the wave regime.

On the cyclone-dominated (nor-
thern) parts of the continental shelf
(Fig. 3), the recurrence period be-
tween threshold events was of the

%
100

10

0.1

Fig. 6. Logérithm of the percentage. of time that the Shields parameter

exceeded 0.25 on the Australian shelf

Fig. 7. Mean number of days between events for which the Shields parameter
exceeded 0.25. Areas in white either did not exceed 0.25 Shields parameter
during the 11 yr time series or there was only one event that did
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order of several hundred to a thou-
sand days across the entire shelf
(Fig. 7). At the lower end of this
range, south of Northwest Cape
(Fig 7), seasonal swell from the
southern Indian Ocean probably
also contributes to the disturbance
regime. In the northern part of the
region east of Northwest Cape, the
threshold Shields parameter is most
likely only exceeded during cy-
clones. Cyclones impact this region
on average 2.5 times a year, but the
effects at any particular location are
likely to be felt less frequently, de-
pending on the precise track of the
cyclone across the region.

The rate of ecological succession

(ESin Eq. 2) is based on the seabed
type (mud, sand or gravel) and the
idealised ecological recovery rates
associated with each type (1 yr for
mud, 3 yr for sand and 5 yr for

gravel; Fig. 5). Eq. (2) is thus solved
by simply overlaying Figs. 5 and 7.
The result (Fig. 8) shows that most
of the Australian shelf has near-
zero or unrecognised (>10) ED
index values. On the southern
wave-dominated shelf, ED values
indicative of a disturbance regime
occur almost exclusively at outer shelf water depths
where infrequent, very high magnitude events occur
with a recurrence period matching the optimum for
the local seabed sediment type (Figs. 5 & 7). On tide-
and cyclone-dominated parts of the shelf, ED values
indicative of a disturbance regime occur in a broad
band around the Gulf of Carpentaria and in isolated
patches elsewhere (Fig. 8).

DISCUSSION

The pattern in ED index values (Fig. 8) is highly
sensitive to the chosen threshold Shields parameter
value and the local seabed type. Only a small portion
of the shelf (~10%) is characterised by a disturbance
regime as defined here. Within these areas, the Rl is
comparable to ES and meets our defined criteria for a
disturbance regime. It follows from the IDH that all
the colour-shaded areas shown in Fig. 8 are pre-
dicted to have a greater biodiversity than areas of
surrounding seafloor. To our knowledge, this is the

Fig. 8. Dimensionless ecological disturbance (ED) index calculated for the
Australian shelf. Note that the fraction of the frame of reference (FA) = 1 was
used in the calculation (see Eq. 2). White areas apply to values of ED greater
than 10 and less than 0.2. Example areas are: (A) wave-dominated shelf, (B)
tide-dominated shelf and (C) cyclone-influenced shelf. Application of the
intermediate disturbance hypothesis implies that all colour-shaded areas are
expected to have greater benthic biodiversity than adjacent areas of seafloor

first time such an analysis has been attempted for any
continental shelf.

Managers attempting to apply ecosystem-based
management concepts to the marine environment at
the scale of continental shelves must depend upon
models such as developed here to fill in the huge
gaps that exist in biological sample databases. In par-
ticular, spatial management tools such as the design
of marine protected areas depend upon access to
information on the spatial distribution of biodiversity
hotspots as well as the occurrence of different eco-
systems and habitats. The map shown in Fig. 8 could
have direct applications in this regard because the
design of a marine protected area network should
aim to conserve benthic biodiversity (target biodiver-
sity hotspots) and capture different areas representa-
tive of the range of ecosystems that occur within each
bioregion.

This work represents progress towards capturing
the physical aspects of shelf disturbances based on
sedimentological concepts by providing methods to
generate ecologically meaningful regionalisations. It
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is feasible to model some of the key aspects of shelf
disturbance, including the frequency and magnitude
of disturbance in relation to seabed sediment size
(gravel, sand or mud) and the source of disturbance
(wave-, tide- or cyclone-dominated shelf). The ap-
proach of exploiting the link between modelled bed
shear stress due to waves, tides and ocean currents
and what is known about rates of ES for different
substrate types (gravel, sand and mud) allows for
maps to be derived that predict the spatial distribu-
tion of an ED index.

There are many potential sources of error in de-
riving such maps that stem from: (1) the numerical
models used to predict waves, tides and ocean cur-
rents; (2) the extrapolation of sediment type from a
limited database; and (3) the rates of ES assumed. As
stated in the 'Introduction’, only physical disturbance
of the benthos is addressed in the present study;
biotic (e.g. predation and nutrient availability),
chemical (e.g. dissolved oxygen, salinity and pH) or
anthropogenic agents, among others, were not in-
cluded. In this way, our analysis of ED is conserva-
tive, in as much as the additional potential distur-
bance agents are potentially contemporaneous and
additive in their capacity to create patches of dis-
turbed habitat.

A useful follow-up study would be to use existing
biological samples (or conduct new collection
cruises, if needed) to test whether benthic biodiver-
sity is greater within the areas predicted to exhibit
disturbance regime characteristics (shown in Fig. 8)
compared with adjacent shelf areas without distur-
bance regimes.

In order to make further progress in the modelling
and prediction of disturbance regimes, we suggest
attention should be focused on: (1) improved model-
ling of physical processes; (2) better understanding of
ecological recovery rates for different habitats; and
(3) better understanding of the spatial scales associ-
ated with different disturbance processes. Field stud-
ies of the spatial scale of physical disturbances
caused by storms or intruding ocean currents on con-
tinental shelves are lacking and this is a major
impediment to linking process studies to the design
of spatial marine zone management tools. Finally,
longer time-series records for disturbances are
needed to characterise extreme storm events. It is
important to remember that real-time estimates of
disturbance ‘weather’ are not essential, but rather
information on the long-term disturbance ‘climate’ is
needed. This could be derived using predictive cli-
mate models, supplemented by palaeo-climate
records from coral, sediment and ice-core records.

CONCLUSIONS

It is feasible to model some of the key aspects of
shelf disturbance, including the frequency and mag-
nitude of disturbance due to waves, tides and ocean
currents, by extrapolating from maps of seabed
bathymetry and sediment type. Fundamental compo-
nents of ecological disturbance can be represented
by the ED index, given as:

ED= FAE—S
RI

The map thus produced for the Australian continen-
tal shelf predicts that small patches having an ED
between 0.2 and 1 occur, distributed around the con-
tinent, on both the inner and outer shelf, equal to
~10% of the total shelf area. These results (i.e. the
map of ED regimes) could help managers conserve
benthic biodiversity and protect different areas rep-
resentative of the range of ecosystems that occur in a
given bioregion. The approach used in this study
could be adopted for any continental shelf region.
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