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Abstract

The emerging field of marine ecomechanics provides an explicit physical
framework for exploring interactions among marine organisms and between
these organisms and their environments. It exhibits particular utility through
its construction of predictive, mechanistic models, a number of which ad-
dress responses to changing climatic conditions. Examples include predic-
tions of (#) the change in relative abundance of corals as a function of colony
morphology, ocean acidity, and storm intensity; () the rate of disturbance
and patch formation in beds of mussels, a competitive dominant on many
intertidal shores; (c) the dispersal and recruitment patterns of giant kelps,
an important nearshore foundation species; (4) the effects of turbulence on
external fertilization, a widespread method of reproduction in the sea; and
(e) the long-term incidence of extreme ecological events. These diverse ex-
amples emphasize the breadth of marine ecomechanics. Indeed, its principles
can be applied to any ecological system.
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INTRODUCTION

Ecology—the study of relationships among organisms, and between organisms and their
environments—often focuses on patterns of distribution and abundance. Prompted in part by
anthropogenic climate change, ecologists have recently renewed their emphasis on the ways in
which organisms interface with the physics of their surroundings. Perhaps nowhere in ecology is
this truer than in marine systems where characteristics of the fluid medium play paramount roles
at scales from molecular to global.

The field of marine ecomechanics focuses on these physical interactions and draws them to the
fore. Originating from a recognition that essentially all arenas of marine ecology are influenced
by environmental physics, ecomechanics’ goal is to explicitly connect the analysis of physical
principles; the responses of organisms to physical factors; and the resulting consequences for the
form, function, and population pattern of organisms. An implicit—and equally important—intent
is to develop these elements into a framework that provides quantitative predictive power.

Rationale for the ecomechanical perspective can be found in some of the fundamental tenets
of marine ecology. For example, local species diversity is often explained using the intermedi-
ate disturbance hypothesis, and in Connell’s (1978) classic treatment of the subject, wave action
is a primary disturbing agent. In this instance, mechanics (fluid dynamics and the strength of
materials) affects the death rate of individuals. In other cases, birth rate is an equally important
driver of interest. Metapopulation theory, for example, relies on quantification of the colonization
(i-e., birth) rate of subpopulations, a function of population connectivity (Levins 1969, Hanski
1999). For marine species, connectivity is often controlled by dispersal of microscopic larvae
or spores, and hydrodynamic and oceanographic transport mechanisms become intrinsic con-
cerns. Analogous relationships often underlie linkages between physics and reproduction more
generally. Broadcast spawners release gametes into the water column, where fluid movement
(including turbulent mixing) influences fertilization success and thereby the entry of new individ-
uals into populations. Agents of density-independent population control, many of which occur as
sporadic, extreme events (e.g., temperature maxima), provide additional examples where physical-
biological interactions matter. Ecomechanics aims at a physically based understanding of these
interactions.

What distinguishes marine ecomechanics from related fields of marine biomechanics, physi-
ological ecology, and functional ecology? It is impossible to define distinct boundaries between
fields such as these that are inherently so interdisciplinary, but it is nonetheless possible to place
marine ecomechanics in context. Our view, admittedly one based as much on gestalt as objective
analysis, is that biomechanics typically focuses on how individual organisms cope with or exploit
their physical environments. Form and function are the subjects of prime concern, whereas eco-
logical concepts and issues—particularly those that operate at the population level—receive less
attention. Physiological ecology and functional ecology fall closer in aim to ecomechanics, but
do not always emphasize as deep a level of physical dissection. Marine ecomechanics therefore
differs from these other fields in the degree to which it extends beyond the individual to focus
on population, community, and ecosystem ramifications, and in the degree to which it priori-
tizes physically based, quantitative prediction. Here we review a select set of five examples where
explicit attention to physical-biological linkages—in some cases linkages operating across vastly
different scales—informs organismal and ecological pattern and facilitates our ability to anticipate
consequences of ongoing and future changes in the environment. Our intent is not to provide
an encyclopedic review of marine ecomechanical studies (length constraints necessitate the ex-
clusion of much excellent work), but rather to highlight the potential of this burgeoning field of

inquiry.

Denny o Gaylord



Annu. Rev. Marine. Sci. 2010.2:89-114. Downloaded from www.annualreviews.org

by Ifremer - Bibliotheque La Perouse on 12/17/11. For personal use only.

COMMUNITY STRUCTURE OF CORAL REEFS

Coral reefs, the iconic bioconstructs of tropical oceans, are under siege from a variety of stresses
(Bellwood et al. 2004). Some have purely ecological causes, but others are due to ongoing shifts in
the physical environment (Connell etal. 1997). The ecomechanical approach is now poised to make
quantitative predictions of how coral-reef communities will respond to these future environmental
changes.

Hydrodynamics

Ocean waves are the primary drivers of water motion over coral reefs. For many ecomechanical
purposes, simple linear wave theory is sufficient to provide accurate estimates of the flow field
associated with waves of a given height and period acting at a given depth on a reef (e.g., Denny
1988, Massel 1996). As waves move shoreward into ever shallower water (a process known as shoal-
ing), wave height increases, wavelength decreases, and the wave form steepens (see Denny 1988,
Massel 1996). The increase in wave height leads to an increase in water velocity and acceleration
at the substratum where corals live, but at some point—generally near the reef crest—steepening
waves becomes unstable and break. Energy is subsequently lost to the viscous consequences of
turbulence, and as waves reform behind the reef crest, their height and the resulting water motions
are much reduced. This predictable spatial variation in flow (and the hydrodynamic forces that
result) helps to determine where corals of a given size and shape can survive (Done 1983, Sousa
1984).

Wave-induced water motion causes three hydrodynamic forces (Denny 1988, Vogel 1994,
Massel 1996). Drag pushes objects downstream with force proportional to the area projected
in the direction of flow and to the square of water velocity (Figure 14). Drag depends on the
object’s shape: A bluff body feels greater drag than does a streamlined shape of equal projected
area. Lift acts much like drag except that it is directed perpendicular to flow, generally away from
the substratum (Denny 1988). For lift, the pertinent area is an object’s planform area, its area
projected onto the substratum. The third force—the accelerational force—acts in the direction of
water acceleration (generally parallel to velocity), and it differs from drag and lift in two important
respects (Gaylord 2000): It is proportional to object volume rather than to projected area, and it
is proportional to water acceleration rather than to velocity. Shape matters for the accelerational
force, usually in a fashion similar to that for drag.

Which of these forces are important to corals depends on the size and shape of the coral
colony. Small, branching corals have large projected areas relative to their volume, and for them,
drag dominates (Madin 2005). Large, massive corals have small projected areas relative to their
volumes, and for them, accelerational force is largest (Massel and Done 1993, Massel 1996). To
date, no case has been found in which lift is an important component of force on corals.

Given information about the height and period of offshore waves, the pattern of shoaling,
location of a colony on the reef, and the colony’s size and shape, the hydrodynamic forces imposed
on the colony can be calculated (Madin 2005). The challenge, then, is to predict the structural
and ecological consequences of these forces.

Mechanics of Corals

In response to the combination of drag and the accelerational force, a coral colony is pushed along
the axis of flow and its skeleton is subjected to three mechanical stresses (Figure 1b). Shear stress
tends to slide skeletal material relative to itself as one might skew a pack of cards, but beam theory

www.annualyeviews.org o Marine Ecomechanics

Mechanical stress:
in a physically based,
ecomechanics context,
force per area



Annu. Rev. Marine. Sci. 2010.2:89-114. Downloaded from www.annualreviews.org

by Ifremer - Bibliotheque La Perouse on 12/17/11. For personal use only.

a Lift C Wind category

—m n N =
DB @ B nh A a 3
(RN 1 1 1 |

Wind speed (km h™")
0 50 100 150
T T

200
T

-
o
T

Drag and
accelerational force

IS4
0o
T

o
o
T

o
S
T

Flow

o
N
T

Proportion remaining

Planform
area

o
o
T

Bending

Mean colony size (m?)
=
B

/ 0.00

Tension Compression

Toppling

Drag

Relative abundance

Weight

Relative cover

0 2 4 6 8 10
Wave height (m)

Figure 1

() When exposed to flow, an object is subjected to drag, lift, and accelerational forces. If velocity decreases through time, the
accelerational force acts in a direction opposite of drag. (/) When subjected to drag, an object can shear, bend, or topple. (c) The relative
abundance of massive coral colonies is predicted to increase if waves become higher in the future, while the abundance of tabular corals
will decrease. Predictions are shown for three coral species surviving waves of a given height as they impinge on the reef at Lizard
Island. Solid curves represent predictions based on current substratum strength; dashed curves represent predictions based on
substratum strength halved by projected increases in ocean acidity. Symbols depict typical profiles for Acropora hyacinthus (squat “T”
profile), A. gemmifora (spiky profile), and Isopora palifera (three-bumped profile). Adapted with permission from Madin et al. 2008.
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(Denny 1988, Gaylord & Denny 1997, Madin 2005) tells us that shear stress is small compared
with stress imposed by the tendency of hydrodynamic force to bend the colony. As it bends, the
upstream side of the skeleton and the substratum to which it is attached are placed in tension
and the downstream side is compressed. Coral skeleton is strong in compression but weak in
tension (Madin 2005). As a result, the downstream compressive stress (like the shear stress) is
easily resisted, but the upstream tensile stress can be problematic. In general, the most drastic
effect of wave-induced hydrodynamic forces is to break the colony at the upstream end of either a
branch or the colony’s base (Madin 2005). Even when broken free from the substratum, massive
coral colonies may be held in place by their weight, but they are susceptible to toppling (Massel &
Done 1993). Empirical measurements of the size of a colony, the structural strength of a colony
and its substratum, and the colony’s shape allow prediction of a colony’s mechanical fate for a
variety of wave conditions at multiple locations on the reef.

Predictions

The approach outlined above was first sketched by Massel & Done (1993) and has been applied to
the reef at Lizard Island, part of the Great Barrier Reef in Australia. Because offshore ribbon and
patch reefs protect Lizard Island from open-ocean swells, its reef is subjected only to waves aroused
by local winds. As a result, Madin et al. (2006) could accurately hindcast the wave climate at Lizard
Island from a 37-year record of winds. In conjunction with a detailed model of wave shoaling,
they used this record to calculate maximum water velocity as a function of location relative to the
reef crest. In another computational model, three coral species [Acropora gemmifera, A. hyacinthus,
and Isopora (formerly Acropora) palifera] were placed in this flow environment, and hydrodynamic
stresses were calculated (Madin & Connolly 2006, Madin et al. 2008). The predicted size and
spatial distribution of surviving colonies in the model closely matched those in the field, providing
mechanistic validation of the hypothesis that hydrodynamics plays a controlling role in coral
distribution.

The ability to account for the existing distribution and abundance of corals on this reef is a
milestone in marine ecomechanics, but the true value of the approach lies in its ability to predict
the effects of climate change. Current climate models predict that typhoons in the Great Barrier
Reef area will become more numerous and more intense as the planet warms IPCC 2007), leading
to larger waves impinging on Lizard Island. The 37-year wind history for Lizard Island included
a moderate cyclone, allowing Madin et al. (2006) to calculate the corresponding flows and Madin
etal. (2008) to predict how the relative abundances of their three species would respond to extreme
wave events: The abundance of tabular A. hyacinthus would decrease relative to the other, more
robust species (Figure 1¢).

In addition to becoming possibly more wavy, the ocean is becoming more acidic. The increasing
acidity of the ocean reduces the strength of the carbonate substratum to which corals are attached
(Kleypas et al. 1999), reducing the height of waves necessary for dislodgment or overturning.
The mechanical effects of these combined environmental stressors vary from species to species
depending on coral colony morphology. Madin et al. (2008) predicted an accelerated change in
species composition away from fast-growing branching corals to slower-growing massive corals
(Figure 1c). This shift may have cascading consequences. For example, although they are more
mechanically robust, massive corals provide less of the heterogeneous topographic habitat pre-
ferred by herbivorous reef fishes, and without sufficient herbivory, coral reefs are overgrown by
algae (Knowlton & Jackson 2001).

Models of the type proposed by Madin etal. (2008) have great potential butare notyet complete.
Refinements to the Madin model are needed to account for the ability of broken branches of some
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species to reattach to the substratum and form new colonies (e.g., Smith & Hughes 1999). For
these species, this mechanical fragmentation is the primary mode of reproduction and a key
factor in their ability to dominate space (Tunnicliffe 1981, Highsmith 1982). The computation
of wave shoaling and breaking used by Madin et al. (2008) will require refinement for application
to specific sites on more topographically complex reefs. The growth rates of both corals and
their algal competitors vary as a function of flow, and the models of Madin et al. (2008) should be
expanded to include these effects. Lastly, although considerable effort has been expended studying
coral skeleton as a source of information about paleoenvironments (reviewed by Barnes & Lough
1996), our understanding of coral skeletal mechanics is rudimentary. If we are to accurately predict
the complex effects of rising temperatures, falling pH and carbonate saturation state, and altered
storm activity, we need more detailed physiological and mechanical insight into the formation of
coral skeletal material.

DISTURBANCE OF MUSSEL BEDS

Mussels, like corals, are foundation species (sensu Dayton 1972). Their beds form a characteristic
band in the mid-intertidal zone, physically excluding other occupiers of primary space while
providing habitat for a diversity of infaunal organisms (Seed & Suchanek 1992). For mussel beds,
the lower limitis typically controlled by the interaction between recruitment and sea-star predation
and the upper limit by desiccation (Robles & Desharnais 2002), but within the bed itself, the
ability of mussels to dominate space is limited primarily by the dislodgement of individuals by
waves (Dayton 1971, Paine & Levin 1981). Dislodgment opens patches of bare substratum in the
bed, temporarily providing space for fugitive species, but these “weeds” are eventually snuffed
out by reincursion of the bed. In this fashion, the mussel-bed community responds dynamically
to the tug-of-war between dislodgment and reestablishment. Thus, if we can predict the rate of
mussel removal as a function of wave exposure, we can predict much about the spatial and temporal
patterns of this model community and its response to environmental change.

Paine & Levin (1981) suggested that predicting mussel disturbance was “like predicting the
weather,” implying that stochastic models are required to mimic the capricious complexity of
the system. In the ensuing 28 years, our understanding of dislodgment mechanics has drastically
increased, however, and mussels are now a prime example of the potential of marine ecomechanics’
to accurately predict the interaction between ecology and environment.

Hydrodynamics

As waves crash on rocky intertidal shores, water velocities in excess of 30 m s~! may be imposed
on mussels (Denny et al. 2003), inducing potentially lethal hydrodynamic forces. Within the
bed, individuals are protected from drag and accelerational forces by their upstream neighbors
(Figure 2a). However, pressure in the fast-moving water above the bed is lower than that in the
sluggish water in the bed’s interstices, and this pressure gradient applies a lift force that tends
to pull mussels away from the rock (Denny 1987). The larger the planform area of the mussel
(approximately equal to the area of bed a mussel occupies), the greater the lift imposed. To cope
with this size dependency, it is convenient to deal with lift in terms of hydrodynamic stress, i.e., the
force per bed area. Hydrodynamic stress depends on the square of water velocity (Denny 1987,
1988; Vogel 1994), and water velocity is in turn proportional to the square root of wave height
(Munk 1949, Denny 1988, Gaylord 1999). Thus, to a first approximation, hydrodynamic stress
applied to mussels in a bed is directly proportional to wave height (Carrington 2002a, 2002b;
Carrington et al. 2009).
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(@) Mussels in the interior of a bed are subjected primarily to lift forces as water flows over the bed. (5) Each mussel is tethered to the
substratum by its byssus. (¢) Inset: A schematic depiction of the molecular structure of byssal thread proteins. Collagen polypeptides are
flanked by a length of “precollagen” (represented in purple). In the distal portion of a thread, these precollagen blocks have sequences
resembling spider silk. In the proximal portion of a thread, precollagen resembles elastin. Lengths of precollagen/collagen are likely
crosslinked by disulfide bonds (S) and metal chelates and oxidized DOPA residues (M). Redrawn from Waite (1992). Graph: Distal and
proximal portions of a byssal thread have different mechanical properties. The proximal portion is weaker and more compliant than the
distal portion. However, the stiffer, stronger, and apparently overdesigned distal portion “yields” at a force less than that required to
break the proximal portion. Note that the proximal portion is shorter than the distal portion; relative to its length, the proximal portion
extends farther before breaking. Redrawn from Bell & Gosline (1996). (d) Observed extents of mussel dislodgment approximately
match rates predicted by an ecomechanical approach for beds in Rhode Island. Adapted with permission from Carrington et al. 2009,
copyright 2009 by the American Society of Limnology and Oceanography, Inc.

Local topography of the shore can modify this simple relationship. As with coral reefs, wave
breaking can limit the height of waves that directly interact with intertidal sites (Helmuth & Denny
2003): Waves higher than this limit simply break farther offshore. Small-scale promontories and
vertical walls can locally amplify velocity, resulting in an increase in stress (Denny et al. 2003),
and stress is reduced in the lee of small-scale obstructions (O’Donnell 2008). These complexities
require one to measure the relationship between wave climate and inshore velocity empirically
for each site. Once this relationship is established, however, the hydrodynamic stress applied to a
bed can be predicted for any wave conditions.
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Tenacity

The question, then, is whether the attachment of a mussel to the substratum is strong enough to
resist this stress. The answer to this question requires detailed knowledge of the byssus, the “beard”
of threads that tethers a mussel to the rock (Figure 2b). The strength of this tethering system
varies among species, depending on the mechanical properties and size of each individual thread
and the number of threads in the byssus (Bell & Gosline 1997, Brazee & Carrington 2006, Zardi
et al. 2006). We explore each of these factors in turn before returning to the ultimate question
of dislodgement and its implications for understanding distributional patterns and responses to
climate change.

Each byssal thread comprises an adhesive plaque that attaches the thread to the rock or
an adjacent mussel; a sleek, thin, distal portion; and a corrugated, thicker, proximal portion
(Figure 2b). The base of each thread attaches to the byssal stem, which in turn attaches to the
mussel’s body via the byssal root and retractor muscles. Each thread is formed separately by the
mussel’s foot, where, in a process resembling polymer injection molding, chemical precursors of
the thread mix and congeal in a specialized groove.

Owing in large part to the work of Waite and colleagues (e.g., Waite 1992, Waite et al. 1998,
Lin et al. 2007), we know much about the chemical composition and macromolecular structure
of byssal threads. Plaques adhere to the substratum with a protein glue that sticks to virtually
any surface, and mussels vary the composition of plaque proteins to suit the substratum (Floriolli
et al. 2001). The long distal portion of the thread is formed primarily of a block copolymer (a
molecular analogue of fiberglass) in which a silk-like protein (the analogue of glass fibers) controls
stiffness and extensibility, and collagen (the analogue of the matrix surrounding the fibers) acts as a
“filler” (Figure 2, inset). The short proximal portion of the thread is formed of block copolymer
with collagen again as the filler, but in this case, collagen is coupled with proteins that resemble
elastin (the elastic protein of vertebrate circulatory systems) (Wainwright et al. 1976). The flow
environment affects the chemical cross-linking by which precursor molecules form a viable thread
(McDowell et al. 1999, Sun et al. 2001). Threads are also strongest when first produced and then
degrade with time (Moeser & Carrington 2006). The rate of degradation varies seasonally, but
the precise time course and basis of the degradation is uncertain.

The chemical differences between distal and proximal thread segments lead to distinct me-
chanical properties. The proximal portion has high extensibility, but relatively low stiffness and
strength (Figure 2¢). It is here—or in the adhesive plaque—that threads usually break. The distal
portion is stronger than other components and, in this respect, is overdesigned. But the distal
portion also has the important ability to “yield”: At a force that can still be resisted by the proximal
segment, the distal thread abruptly increases its length (Figure 2¢). This yield behavior ensures
that the hydrodynamic load is shared evenly among threads in the byssus: If one thread is loaded
disproportionately, it yields, allowing other threads to take up the slack. The combination of distal
and proximal mechanical properties thus produces a byssus that is both stronger and less sensitive
to the direction of applied force than would otherwise be the case (Bell & Gosline 1996).

We now pick up our discussion of the strength of the byssus as a whole, and begin by defining
an important term—tenacity. In general, larger mussels have stronger tethers, and (as with the
definition of hydrodynamic stress) it is again convenient to cope with this size dependency by
expressing attachment strength as a function of the area of bed occupied by an individual. We thus
define the tenacity of a mussel as the force per bed area required to dislodge it. If the hydrodynamic
stress imposed on a mussel exceeds its tenacity, the animal is dislodged.

For a given species and environment, thread cross-sectional area increases approximately lin-
early with planform area as mussels grow (Carrington 2002b). Thus, tenacity is roughly constant
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with increasing size even though the number of threads in the byssus does not increase. However,
both the number of threads and the cross-sectional area of each thread commonly vary in apparent
response to flow. For example, solitary mussels (which experience relatively large hydrodynamic
forces) have more byssal threads than do bed mussels (Bell & Gosline 1997; Zardi et al. 2006,
2007), and the thickness of threads can increase with wave exposure (Zardi et al. 2006). The pre-
cise effect of flow on behaviors tied to thread production is still being determined (Moeser et al.
2006, Carrington et al. 2008).

Within a species, tenacity typically varies with season (Price 1980, Hunt & Scheibling 2001,
Carrington 2002a, Lachance et al. 2008, Carrington etal. 2009). This variation may be due, in part,
to behavioral responses (e.g., increased thread synthesis) to seasonal variation in wave exposure,
but other factors are likely involved. For example, the production of byssal threads is metabolically
costly—8% to 15% of a mussel’s overall energy expenditure (Griffiths & King 1979)—and if food
intake is limited, the energy of thread production must be traded against energy used for growth or
reproduction. Mussels may respond to this trade-off by producing threads of inferior mechanical
quality (Moeser & Carrington 2006).

Predicting Dislodgment

Our developing mechanistic understanding of hydrodynamic stress and byssal tenacity allows us
to predict the timing and magnitude of mussel dislodgment (e.g., Figure 2d), and these predic-
tions provide ecological insight. For example, it has commonly been assumed that the rate of
dislodgment is maximal during winter storms (e.g., Denny 1995). Indeed, in Rhode Island, winter
storms impose large hydrodynamic forces. However, because tenacity is highest in winter in Rhode
Island, these storms cause little dislodgment. Hurricanes produce waves of severity similar to that
of winter storms, but they occur in late summer and early fall. In Rhode Island, because tenacity
is minimal during that period, hurricanes can cause catastrophic dislodgment (Carrington 2002a,
2002b; Carrington et al. 2009). In short, it is the co-occurrence of large waves and low tenacity
(rather than either factor alone) that has ecological consequence.

Our understanding of mussel mechanics also provides insight into processes of species inva-
sion. The mussel Mytilus galloprovincialis is a potent invader, having dispersed from its Mediter-
ranean origin to shores as widely spread as Great Britain, South Africa, and the west coast of
North America. Its invasive abilities are mechanically limited, however. For a given shell length,
M. galloprovincialis occupies more substratum area and has a weaker byssus than the native
South African mussel Perna perna (Zardi et al. 2006, 2007). The reduction in byssal strength in
M. galloprovincialis may be due to its increased relative rate of reproduction: When food intake is
limited, M. galloprovincialis directs more energy to gonad production than does P. perna, apparently
curtailing the production of byssal threads.

These mechanical and physiological factors provide predictions as to where M. galloprovincialis
can and cannotinvade. On the southern shores of South Africa, low food availability and the result-
ing low tenacity prohibit M. galloprovincialis from invading areas of high wave exposure (Zardi etal.
2007). On the western shores of South Africa, an area of high food availability, M. galloprovincialis’
tenacity is comparable to that of P. perna and it can invade owing to its greater fecundity. On the
west coast of North America, M. galloprovincialis is gradually replacing its congener M. trossulus,
but even when well fed, M. galloprovincialis’ adhesive tenacity is substantially less than that of the
native M. californianus (Bell & Gosline 1997), preventing invasion on exposed shores.

If wave heights increase as a result of climate change (IPCC 2007), the worldwide invasion of
M. galloprovincialis may recede from sites susceptible to increased water velocities. As the mea-
surements of Helmuth & Denny (2003) show, however, this effect is likely to depend on local
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topography: If waves already break offshore at a site, any increase in wave height can have no
additional effect.

There are gaps in our current understanding of mussel mechanics. In particular, the behavior
of mussels within a bed is just beginning to be explored (e.g., Schneider et al. 2005), as are the
consequences of mussel-to-mussel attachments (as opposed to mussel-to-rock attachments) and

the mechanics of multilayer beds that lead to the formation of “hummocks,”

areas of loosely
attached mussels that protrude above the bed and provide initiation sites for catastrophic peeling
of large patches. Lastly, and perhaps most importantly, the full gamut of physiological responses
to the interactions among food availability, temperature, reproduction, hydrodynamic stress, and

byssal strength remains to be determined.

SPORE DISPERSAL AMONG KELP FORESTS

Kelp forests are one of the most important subtidal habitats along temperate shores (Foster &
Schiel 1985), but their abundance varies dramatically through time. Storm waves, episodic nutri-
ent limitation, and intense grazing can drastically decrease the density of local kelp populations
(Dayton & Tegner 1984, Harrold & Reed 1985, Seymour et al. 1989, Dayton et al. 1992, Graham
1997), which may subsequently recover as spores from nearby forests wash in, settle, and grow.
Because spore dispersal serves such an important role in the regional persistence of kelp forests
(Reed et al. 2006), it has been a major focus in attempts to develop a quantitative understand-
ing of kelp population structure and dynamics. However, because kelp spores are tiny (5-7 pm in
diameter), tracking or tagging is impractical, making estimation of dispersal distances difficult. This
problem is now being confronted using mechanistic models of spore dispersal, allowing ecologists
to address long-standing questions regarding kelp demographics and population connectivity.

Hydrodynamics

Transport of spores is driven primarily by coastal currents, which are themselves influenced by
waves. Both currents and wave-driven flows are slowed by friction at the seafloor, which leads to
a region of reduced velocity (a boundary layer) near the bottom (Figure 34) (Schlichting 1979,
Denny 1988). Boundary layers associated with currents may be several meters thick, creating the
potential for very different dispersal scenarios for spores transported at various elevations in the
water column. A second, much thinner (order 10 cm) boundary layer is generated by wave-induced
flows, causing the current to behave as if the seabed were rougher than it actually is (Grant &
Madsen 1986; Gaylord et al. 2002, 2006). The increased friction also enhances turbulence pro-
duction at the seafloor, boosting hydrodynamic mixing and vertical movement of spores through
the water column.

Rates of mixing are especially relevant for kelp spore dispersal because spores swim excep-
tionally weakly and are almost neutrally buoyant (Gaylord et al. 2002). Thus, spores reach the
seafloor predominantly via stochastic turbulent fluid motions. In this respect, spore dispersal can
be conceptualized in terms of a relatively simple cartoon: Vertical mixing dictates how long a spore
remains aloft before it is brought to the seafloor, whereas horizontal currents determine how far
a spore is carried during the intervening time between release and settlement.

Kelp Reproduction

Physical transport and mixing processes also interact with kelps’ life histories. Kelps have a two-
phase life cycle that includes a macroscopic sporophyte stage (the conspicuous, canopy-forming
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Physical factors dictating transport of spores and resultant patterns of dispersal. (#) Schematic showing how current speeds and orbital
wave velocities vary with water depth and ensuing patterns of vertical mixing. Length scales of mixing are greater in the midwater
column than near the seafloor, but intensities of mixing are higher near the seafloor. These factors produce a nonmonotonic mixing
profile (eddy diffusivity profile). Eddy diffusivity values were calculated as in Gaylord et al. (2006) for conditions of 2 cm s™! currents
and 2-m waves with 10-s period, both interacting with a sandy seafloor (0.008 m roughness elements) as commonly occurs between
forests. (b) A typical modeled spore dispersal distribution viewed as if from a satellite, demonstrating that transport can extend to several
kilometers. (c) Observed (squares) and predicted (/ine) spore counts along the x-axis of panel 4, demonstrating a rapid decline in
settlement densities close to the source. (d) A “zoomed-in” depiction of settlement patterns in panel 4, spanning a similar spatial extent
as panel ¢. Data in panels /—d are redrawn after Gaylord et al. (2006).

stage), and a microscopic gametophyte. Male and female spores released by a sporophyte disperse,
settle, and develop into microscopic male and female gametophytes, which subsequently pro-
duce gametes. Eggs extruded by female gametophytes are fertilized by sperm released from male
gametophytes, but for this process to succeed, gametophytes must be close together: Spatial den-
sities must exceed a critical threshold of 1 mm~ (Reed 1990). Because of this density-dependent
step, the maximal distance away from a source at which recruitment can occur depends on the
number of spores released (Reed et al. 1997). If only a few spores are released, settlement rates

www.annualyeviews.org o Marine Ecomechanics 99



Annu. Rev. Marine. Sci. 2010.2:89-114. Downloaded from www.annualreviews.org

by Ifremer - Bibliotheque La Perouse on 12/17/11. For personal use only.

Random walk:
theoretical
representation of
turbulence where
particles are

transported in a series
of randomly oriented

steps

100

even close to the parent may be insufficient to produce gametophyte densities high enough for
fertilization. By contrast, if larger numbers of spores are released, two consequences may accrue.
First, in the vicinity of parent kelps, high densities of gametophytes may lead to elevated rates
of self-fertilization, with ensuing costs of inbreeding (Raimondi et al. 2004). Second, release of
larger numbers of spores can lead to successful fertilization and eventual recruitment even at
unexpectedly large distances from the parent kelps.

Predictions

Trajectories of spore transport from release to settlement can be estimated using random-walk
models (e.g., McNair et al. 1997) that capture the combined effects of horizontal currents, waves,
and turbulent mixing. Such models indicate that spore dispersal distributions are extremely skewed
(Gaylord et al. 2002, 2006). Many spores travel just a few meters, but a substantial fraction (the
fat tail of the distribution) travel as far as kilometers (Figure 35-d).

The random-walk models can also be merged with field data to estimate per-capita spore
production, which is otherwise difficult to measure. Using the giant kelp, Macrocystis pyrifera,
Gaylord et al. (2006) matched observed patterns of settlement to predicted distributions, and
they scaled the rate of modeled spore release to appropriately align predictions with observations
(Figure 3¢). On the basis of this matching, they ascertained that giant kelps release approximately
108 spores per individual per day.

This tremendous rate of spore production acts in synergy with the shape of the dispersal
distribution to foster connectivity among forests. Although early studies indicated that the majority
of kelp recruitment occurs in close proximity to the adult source, often within a few meters
(reviewed in Santelices 1990, Norton 1992), interpretation of results was hindered by the absence
of a mechanistic framework. Recognition of the fat tail of the dispersal distribution provides
evidence that, given their huge rate of production, spores can settle in densities sufficient for
effective fertilization even at relatively large distances. Indeed, itappears that sufficient connectivity
exists in many cases to allow modest-sized forests to facilitate recovery on denuded neighboring
reefs as far away as several kilometers. These projections are consistent with widespread and nearly
uniform kelp recruitment observed on virgin substrate several kilometers from source forests (Reed
etal. 2004), a pattern less easily attributed to spore release from drifting kelp mats composed of a
tew reproductive individuals (Macaya et al. 2005, Hernandez-Carmona et al. 2006).

Related analyses also provide insight into rates of self-fertilization within forests. Given known
dispersal distributions and rates of per capita spore production, settlement patterns from multiple
source individuals can be overlain and the probability that fertilization occurs between gametes
deriving from the same adult can be estimated. Such selfing rates depend on the spacing of adults
within a forest, raising the possibility that even sparse kelp forests exhibit high rates of inbreeding.
Preliminary calculations, for example, suggest that under certain conditions, levels of inbreeding
can be quite high, of order 10% or more (Gaylord et al. 2006). Because inbreeding has striking
costs to fitness in giant kelp—decreasing both survivorship and fecundity of selfed individuals—
such relationships have the potential to introduce density-dependent feedbacks. Depending on
population growth rates and the nature of such feedbacks, these relationships could conceivably
induce population oscillations, regardless of the intensity of disturbance from extrinsic factors
(Raimondi et al. 2004).

Climate-driven shifts in wave height and upwelling are likely to alter the intensity and con-
sequences of physical disturbance in kelp forest systems. Prediction of these effects will require
refined dispersal models that incorporate a range of physical and biological details. For exam-
ple, large-scale circulation features and coastal geometries, both of which could alter connectivity
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patterns, have not been included in existing analyses, and questions regarding secondary flows
induced by the kelp’s presence (Jackson & Winant 1983, Gaylord et al. 2007, Rosman et al. 2007)
have yet to be addressed. These physical details have implications for the delivery of nutrients
essential for growth and recruitment (Fram et al. 2008, Stewart et al. 2009), and for rates of self-
fertilization through effects on within-forest transport (Graham 2003). The durations over which
settled spores can survive as resting stages are incompletely understood but have consequences
for density-dependent steps in recruitment and the buildup of genetically related spores around
parent kelps (Ladah et al. 1999, Carney & Edward 2006), and these biological details warrant
attention.

EXTERNAL FERTILIZATION

Most benthic invertebrates reproduce by broadcast spawning, releasing their gametes into the
water column and relying on fluid mixing to bring sperm and egg together. This process is thought
to be inefficient if adults are spaced very far apart, leading to density-dependent Allee effects that
have strong consequences for population demographics, particularly in harvested species that have
artificially reduced densities (Quinn etal. 1993, Pfister & Bradbury 1996). The fraction of gametes
that go unfertilized also has an important bearing on life-history evolution and the selection for
certain reproductive strategies (Strathmann 1985, Havenhand 1995, Levitan 1995). However,
beyond a simple awareness that external fertilization is variable and fraught with uncertainty, it
has been difficult to develop from first principles both accurate estimates of the fraction of eggs that
are fertilized and the relationship of this fraction to environmental factors. Marine ecomechanics
is now making inroads to this fundamental problem, providing physically based understanding of
processes operating at scales ranging from individual gametes to populations.

Hydrodynamics

A primary characteristic of broadcast spawning is gamete dilution. The combination of molecular
diffusion, turbulence, and shear dispersion ultimately produces a well-mixed, but more broadly
dispersed, distribution of gametes. Prior to reaching the well-mixed stage, however, considerable
structure may exist as gamete clumps are first stirred into distinct streaks and swirls that precede
the development of a smooth concentration gradient (Figure 4) (Koehl etal. 2001, Crimaldi et al.
2002, Crimaldi & Browning 2004).

The process of stirring, spreading, and dilution tends to be rapid in the sea, but it can be
counteracted if gametes are released within confined areas. Rocky coasts often have considerable
topographic complexity, including embayments, surge channels, and tidepools of a variety of
shapes and sizes. These features decrease rates of alongshore movement of water, thereby elevating
durations over which substantial concentrations of gametes can be maintained at given locations as
well as fertilization rates (Pennington 1985, Pearson & Brawley 1996, Serrao et al. 1996, Marshall
etal. 2004). Rates of dilution can also be decreased if dispersion is reduced from a three-dimensional
to two-dimensional process. The confinement of gametes to a single plane occurs in species (such
as corals; e.g., Oliver & Willis 1987) that release buoyant gametes that float to the water’s surface.

Although mixing and dilution proceed inexorably, some of their consequences for external
fertilization can be offset over shorter timescales. The fine-scale structure of turbulent eddies
is key in this regard. Because velocities associated with individual vortices or groups of vortices
are correlated in space and time, they can foster localized, temporary convergence (coalescence)
of sperm and egg clumps that were originally displaced relative to one another (Figure 4d).
Thus, coherent structures in turbulence can counteract effects of dilution and dispersion over
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Figure 4

Mean and instantaneous structure in turbulent plumes. (#) Time-averaged solute concentrations (used as a
physical analogy to gamete concentration) resulting from a constant rate of solute input into a laboratory
flow. Concentration, C, is expressed relative to the undiluted concentration, Cy. (b) Instantaneous
concentration field within the box shown in panel 4. (¢) Explicit comparison of the mean and instantaneous
concentration profiles along the strip shown in panel 4. (¢) Numerical simulation showing how clumps of
sperm and egg are stirred, forming streaks that can coalesce during early stages of mixing. The time
sequence proceeds from panel 7 to panel v7, and the initial locations of the centers of three interacting
vortices are depicted by x symbols. Panels adapted with permission from Crimaldi & Browning (2004).

small spatial and short temporal scales. This observation provides important insight because it di-
rectly countermands more traditional conceptualizations of turbulence based on simple diffusion
analogies, which predict that concentrations of gametes vary smoothly in space and only decrease
through time. Intriguingly, the common extrusion of gametes within viscous mucus (which one
might naively think would inhibit fertilization) may also facilitate coalescence-enhanced fertiliza-
tion by retarding rates of lateral movement of gametes out of turbulent structures (Thomas 1994,
Crimaldi & Browning 2004). Mucus strands may furthermore decrease advective transport, and
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thereby enhance local retention, via their tendency to become entangled on protruding bodies
(e.g., spines of sea urchins) (Abelson & Denny 1998).

Sperm-Egg Interactions

Sperm and eggs are smaller than all but the tiniest of turbulent structures in nature (Tennekes &
Lumley 1972); therefore, biologists have traditionally assumed that gametes experience turbulence
as a series of simple velocity gradients that change orientation and strength over time (Mann &
Lazier 1996). Utilizing this convenient abstraction, Riffell & Zimmer (2007) demonstrated that,
at relatively low shears common in subtidal habitats, sperm of the red abalone Haliotis rufescens
can overpower fluid motion to maintain body position and follow chemical attractants emitted by
an egg. At higher shears, in contrast, sperm swimming is too weak to maintain positioning and
successfully navigate the steep velocity gradients formed around eggs. Although Jumars etal. (2009)
recently noted that there is more flow structure at the scale of gametes than is often recognized,
turther evaluation will be required to determine the biological effects of this flow complexity.

Estimating Fertilization Success

Ecomechanical prediction in the arena of external fertilization has not yet reached the same level
as in other examples presented here. However, the potential for prediction exists, and considerable
advances have emerged in some areas. For example, through the efforts of Riffell & Zimmer (2007),
it is now possible to identify the hydrodynamic and locomotory criteria that dictate sperm-egg
contact. Of particular importance is the ratio of sperm propulsive force to imposed fluid force,
which determines whether a sperm can properly control its orientation within a shear field local to
an egg (Figure 54,b). The ecological relevance of these findings has also been determined. Mead
& Denny (1995) and Denny et al. (2002) quantified fertilization outcomes when hydrodynamic
forces overwhelm swimming capability. In cases of strong turbulence, where hydrodynamic shear
around eggs is extreme, fertilization rates drop precipitously, from 90% to 10%. Analysis of surf-
zone velocity records enables these laboratory results to be interpreted in a field context (Gaylord
2008). Particularly under larger waves, the intensity of surf-zone turbulence approaches levels that
may have the capacity to impair fertilization (Figure 5c¢), even in the face of protective external
layers on eggs that offset effects of shear (Thomas et al. 1999).

An important secondary issue in fertilization mechanics is that the time course of sperm-egg
fusion may be critical. The highly intermittent character of turbulentvelocity fluctuations produces
brief bursts of intense shear that are layered onto longer-term, more benign values. If sperm-egg
interactions are sensitive to transient bursts rather than average conditions, impacts of turbulence
may be more pronounced than currently suspected. As our understanding of these relationships
develops, it may become possible to address an important unknown in coastal marine ecology:
For species that inhabit both intertidal and subtidal habitats, does reproductive success vary with
level on the shore? In other words, do subtidal animals (living where turbulence is relatively weak)
fertilize more readily than do intertidal animals? This issue could be of prime importance in
determining how selection operates on relevant gamete traits, because selective pressures should
vary strongly between these two environments.

In the examples discussed above, fertilization success is estimated through analysis of the
small-scale details of turbulent flow. At larger scales, these details can, at times, be “averaged
out” (e.g., Koehl et al. 1993, Koehl & Powell 1994), and for these greater distances and longer
times, mixing models that emphasize time-averaged concentration fields provide predictive insight.
Denny (1988) and Denny & Shibata (1989) computed patterns of gamete dispersion using classic
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Effects of turbulent shear on sperm-egg interaction and fertilization rate. () Fluid shear can cause sperm to
rotate in laboratory flows. Dead sperm (black circles) rotate in close accordance with theory (so/id line),
whereas live sperm (red triangles, dashed line) control their orientation and do not rotate except when shears
are too strong. (b) The transition to conditions where sperm become unable to control their orientation
occurs when shear forces exceed sperm propulsive forces. (¢) Strong shears associated with intense turbulence
(indexed by the rate at which kinetic energy is lost to viscosity, termed the energy dissipation rate) impair
fertilization success in the laboratory, consistent with the inability of sperm to control orientation. Such
turbulence levels also arise in nature, with longer-term average dissipation rates extending to 1 W kg~! and
short-term, intense bursts reaching 10 W kg~!. Panels # and 4 redrawn with permission from Riffell &
Zimmer (2007). Panel ¢ redrawn from Mead & Denny (1995), Denny et al. (2002), and Gaylord (2008).

representations of turbulent plumes (e.g., Csanady 1973). These models enable quantitative
prediction of the spatial scales over which gamete plumes extend, and they have been used ad-
vantageously in numerous field, laboratory, and numerical studies of effects of population abun-
dance and spacing on fertilization success (e.g., Levitan 1991, Levitan et al. 1992, Babcock et al.
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1994, Levitan & Young 1995, Coma & Lasker 1997, Metaxas et al. 2002, Yund & Meidel 2003,
Lauzon-Guay & Scheibling 2007, Yund et al. 2007). The coupling of such models with empirical
data may be especially useful as marine reserves are increasingly used as conservation devices,
since they rely critically on proper assessment of threshold densities at which population-level
reproduction becomes degraded.

There is also evidence that gametes can remain viable for much longer than is often appre-
ciated (Bolton & Havenhand 1996, Meidel & Yund 2001, Johnson & Yund 2004). Under such
conditions, if eggs are retained in shoreline embayments within the vicinity of spawning males,
fertilization success can be appreciable. The mechanistic studies of Denny et al. (1992) provide
initial predictions of the magnitudes of such effects in rocky shore habitats, complementing other
studies in tidepools (e.g., Pennington 1985, Serrao et al. 1996, Marshall et al. 2004).

Complete vertical integration of fertilization mechanics from small-scale chemical sensing to
the population scale is not yet possible. Considerable progress has been made toward understand-
ing gamete coalescence at fine scales, but further work is required to extend existing insights
(largely developed using two-dimensional numerical simulations) to conditions of more complex,
three-dimensional turbulence. The temporal and spatial scales over which detailed turbulence
structure is important also need to be quantified to determine when instantaneous versus time-
averaged plume approaches offer the greatest utility.

PREDICTING ECOLOGICAL EXTREMES

The physical environment plays an important (often controlling) role in ecological dynamics. As
long as physiological thresholds are not exceeded (e.g., cooling to the point of freezing or heating to
the point of death), the performance of individuals and the composition of communities are often
well described by everyday conditions. However, nature is not without extremes: The environment
can occasionally cause organisms to exceed their limits, resulting in ecological dynamics that
depend more on the peaks of environmental factors than on their means (Gaines & Denny 1993).
This leads to a fundamental problem: For any realistic distribution of events, extreme events are
rare. So, how can we predict the extreme, but rare, events that strongly influence ecology?

Some extreme ecological events are “simple,” i.e., the result of a single environmental compo-
nent. An earthquake, for example, can uplift a rocky bench, with profound and lasting ecological
consequences on associated intertidal residents. Because they are rare and we lack a full mecha-
nistic understanding of their causes, such simple events are difficult to predict. In contrast, many
extreme ecological events result from the co-occurrence of well-understood, run-of-the mill en-
vironmental factors. For instance, canyons in the American Southwest are subjected to infrequent
brush fires and occasional rains, each of which by itself has little effect on stream insects. Stream
water buffers lotic animals from the heat of a fire, and most of the water from even a torrential rain
is absorbed by plants, thereby moderating storms’ effect on stream flow. Consequences are much
more drastic, however, if by chance fire and rain occur in quick succession: Fire kills the plants,
which are then unable to absorb the rain. The result is a flood that scours the streambed, extirpat-
ing stream insects and producing a long-lasting shift in stream community structure (Vieira et al.
2004). Paine et al. (1998) documented the many kinds of “ecological surprises” that can accrue
from such compound extreme events.

The Environmental Bootstrap

These sorts of compound events are open to prediction in ways that simple events are not. Denny
etal. (2009) devised a statistical procedure (an “environmental bootstrap”) that allows estimation of
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the probability that a compound extreme event will occur in a given period of time. The procedure
begins with a short (5- to 10-year) time series of the relevant environmental factors and resamples
the stochastic components of these factors to create a hypothetical year-long realization of how
the environment could have played out differently. The procedure is repeated thousands of times,
and a record is kept of the number of hypothetical years in which “normal” environmental factors
co-occur to cause drastic ecological effects. The fraction of years containing such events is an
estimate of the probability of their occurrence.

This procedure is straightforward if one knows the precise conditions that constitute an extreme
ecological event. In many cases, however, this seemingly simple requirement is difficult to fulfill.
For example, heat stress can kill intertidal limpets if a prolonged low tide coincides with bright
midday sun, high air temperatures, low wind speeds, and a lack of wave splash (Denny et al. 2006).
But there is a near-infinite combination of these parameters that may result in heat death: A
slightly higher air temperature might compensate for a slightly lower solar irradiance, for instance.
To successfully interpret such an environmental record, we need a mechanism to translate any
combination of physical factors into a single, meaningful biological index. In this example, we
need a mechanistic model of limpet thermal dynamics that takes as its inputs solar irradiance, air
temperature, wind speed, and wave height and then produces as its output an accurate estimate of
limpet body temperature.

The Role of Mechanistic Models

It is here that ecomechanics comes into its element. Because of its mechanistic approach, ecome-
chanics excels in the construction of models that translate environmental inputs to biologically
meaningful outputs (Helmuth et al. 2005, Carrington et al. 2009, Helmuth 2009). In the case of
limpet body temperature, for instance, one constructs a heat-budget model by, in essence, tallying
up all the ways in which thermal energy can enter or leave a limpet’s body (Figure 64) (Gates 1980,
Campbell & Norman 1998, Denny & Harley 2006). For any set of environmental conditions, there
is a unique body temperature at which heat input to the limpet is equal to heat outflow, and for
small organisms such as limpets, this equilibrium temperature is the realized body temperature.
Thus, from any time series of the appropriate environmental factors, thermal mechanics allows
one to calculate the time series of body temperatures. If temperature exceeds the limpet’s thermal
limit, the animal dies. Coupled with a hypothetical environmental time series from a bootstrap
resampling, this heat-budget approach allows one to quantify the probability of encountering a
thermal event that would catastrophically affect limpet populations.

Predictions

Using this approach, Denny et al. (2009) showed that for the owl limpet, Lottia gigantea, the likeli-
hood of such events varies with position on the local rock topography (Figure 65). Limpets living
on south-facing surfaces are subjected to temperatures sufficient to kill 50% of the population,
with an average return time of just 1.6 years, a potentially important factor in the near exclusion
of L. gigantea from south-facing rocks (Miller et al. 2009). L. gigantea is a competitive codominant
with mussels for primary space on Central California shores, and its exclusion from southern
exposures can thus have dramatic effects on the local community composition. On a north-facing
rock, however, similar mortality of L. gigantea is predicted to occur only once every 209 years
on average, and the community composition there can be much different. It would be difficult
for an ecologist to document directly the rarity of extreme events on north-facing rocks, thus the
ecomechanical approach provides information that would otherwise not be accessible.
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(@) A variety of mechanisms exist for the transfer of heat between an intertidal organism and it environment.
For any given set of environmental conditions, there is a unique body temperature at which heat gain is
equal to heat loss. For small organisms (such as the limpet shown here) realized body temperature is equal to
this equilibrium temperature. () Predicted frequency of lethal thermal events varies with the orientation of
the surface on which a limpet lives. Return time is the average interval between events; the more drastic the
event, the longer the return time. Limpets on south-facing rocks (red /ine) experience extreme thermal
conditions most often, those on north-facing rocks (b/ue line), least often. Redrawn from Denny et al. (2009).

The basic method outlined by Denny etal. (2009) can be applied to a wide variety of ecological
questions (e.g., the co-occurrence of high waves and high tide leading to patch formation in mussel
beds, or the occurrence in quick succession of fire and rain leading to the scouring of stream beds).
In each case, the basic requirements are a representative time series of the pertinent environmental
parameters and a mechanistic model that combines those parameters to give a single, biologically
relevant output.

The principal challenge in the application of this approach is physiological rather than me-
chanical (Helmuth et al. 2005, Somero 2005, Gilman et al. 2006, Gracey et al. 2008, Helmuth
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2009). For example, despite the implication noted in the discussion above, there is no single lethal
limit for limpet body temperature; the temperature required to kill a limpet depends on (at least)
maximum temperature, the duration of elevated temperature, and the humidity of the limpet’s
surroundings (Miller et al. 2009). It seems likely that lethal temperature also depends on a limpet’s
thermal history. If the limpet has been previously stressed, its response to a single extraordinary
thermal event may differ. It is currently difficult, however, to predict even the direction of this
effect: Previous stress may trigger acclimatization, increasing the limpet’s tolerance for high tem-
peratures. Alternatively, accumulated damage from repeated sublethal stresses may reduce the
animal’s tolerance. The challenge, then, is to construct a mechanistic model of limpet thermal
response analogous to the heat-budget model for body temperature (Helmuth 2009). Ideally, such
a model would take as input any time series of body temperature and give as output the probability
of death or some other ecologically important biological parameter such as reproductive output
or grazing rate.

SUMMARY POINTS

1. Marine ecomechanics strives (#) to understand the mechanisms through which the physi-
cal environment affects the distribution and abundance of marine organisms and (4) to use
this understanding to predict how changes in the environment will impact individuals,
populations, and communities.

2. The approach and principles of marine ecomechanics are general and can be applied in
any environment. Consequently, the following points apply to ecomechanics writ large:
marine, terrestrial, or aerial.

3. Ecomechanics is intrinsically integrative. Its physically based approach is ideal for exam-
ining connections across scales from molecular to global.

4. Ecomechanics is innately interdisciplinary. Its pursuit invites new and deeper collab-
oration among ecologists, oceanographers, physiologists, and biomechanicists, among
others.

5. The ecomechanical approach and its resultant models allow accurate prediction of re-
sponses to environmental conditions that do not currently exist and of the frequencies
and consequences of extreme ecological events even when these events occur too rarely
to be readily observed.
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