MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 245: 101–109, 2002

Published December 18

Flow-induced energetic bounds to growth in an
intertidal sea anemone
Bryce D. Wolcott*, Brian Gaylord
Marine Science Institute, University of California, Santa Barbara, California 93106, USA

ABSTRACT: General models exploring patterns of maximal size in indeterminately growing, benthic
marine organisms have often focused on potential scaling limits associated with either internal energetics or external physical factors such as hydrodynamic force. Rarely, however, have these broadstrokes models considered explicitly the possibility that interactions between physiological energy
balances and environmental fluid motion might alter the underlying scaling relationships. Here we
examine, using simple principles of allometry, the fundamental energetics of a common intertidal sea
anemone Anthopleura elegantissima in the context of the rapid flows that characterize its native
habitat. We find that fluid mechanical distortion of the feeding apparatus of this species modifies the
scaling of predicted energy intake across size, creating a possible mismatch with its expected metabolic requirements, and potentially placing a limit on growth. Such a limit would not be expected
from standard metabolic or fluid dynamic arguments applied in isolation, reiterating the often-overlooked importance of an organism’s structural design and its associated mechanical response to flow.
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INTRODUCTION
Individuals of many coastal marine species exhibit
smaller mean adult size in locations characterized by
higher levels of habitat stress. This pattern has been
observed in the face of stressors as diverse as elevated
temperature/salinity, desiccation, scarce resources,
and exposure to extreme hydrodynamic forces (e.g.
Lewis 1968, Harger 1970, Connell 1972, Paine 1976,
Sebens 1980, Harris 1991). Such relationships have
prompted the development of models that attempt to
predict size in indeterminately growing (sensu Sebens
1987) intertidal or subtidal organisms as a function of
various indices of environmental suitability. In benthic
shoreline species, 2 models in particular have been
commonly invoked to explain patterns of size. Each
incorporates its own set of underlying assumptions.
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Email: bwolcott@socrates.berkeley.edu
© Inter-Research 2002 · www.int-res.com

One of the more widely applied general models
(Sebens 1987) focuses on energetic tradeoffs. It predicts that organisms should grow to a size where the
difference between the rate of energy intake and
metabolic cost is maximal, which should allow for the
greatest accumulation of surplus energy for reproduction over time. This assumes that there is sufficient
space within the organism to enable conversion of all
excess energy into reproductive tissue. In organisms
where the amount of free body space constrains gonad
volume, organisms should grow somewhat larger to
maximize reproductive output. This basic model
neglects implicitly any potential variation in mortality
with size.
A second general model, in contrast, assumes that
energetics play a less stringent role in limiting size
than increases in mortality with size (Denny et al.
1985, Gaylord et al. 1994). In this scenario (one which
has been applied predominantly to intertidal plants
and animals subjected to severe flow forces), greater
size enhances reproductive potential in organisms
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with constrained gonad volume as above, but is offset
at sufficiently large size by a decrease in the probability of survivorship. This overall concept derives
from hydrodynamic arguments that suggest surfzone plants and animals become more vulnerable to
damage or dislodgment by breaking waves as these
organisms get bigger. The importance of the dominant flow factor leading to such scaling mismatches,
however, has been recently reexamined and discounted (Gaylord 2000).
Of course, physiological energy balances and flow
effects need not operate independently, and multiple
model elements may typically apply. Numerous examples exist, for instance, where fluid motion affects rates
of food acquisition. Sessile suspension feeders that
extract their diet from passing water provide a prime
case in point (e.g. Patterson 1991, Helmuth & Sebens
1993, Lesser et al. 1994, Hart & Strathmann 1995,
Eckman & Okamura 1998). However, while the widespread relevance of flow is well recognized, generalized energetics-based models of optimal size often
employ simplified parameterizations of the effects of
water motion. Such models typically acknowledge the
obvious dependence of particle flux on fluid velocity,
but neglect subtleties such as the capacity for flow to
alter the underlying allometric scaling of energy intake
with size. While at times this assumption may be
appropriate, at other times it may not, and our objective here is to examine possible failings in more detail.
With this aim, we focus on a case example of a sea
anemone that may experience different potential rates
of energy intake across size purely due to passive flowinduced structural deformation. Our findings demonstrate that fluid motion might, under certain circumstances, indirectly produce constraints on size, even
when standard metabolic scaling relationships or patterns of disturbance resistance alone would suggest
otherwise.

MECHANISMS OF PARTICLE CAPTURE
An understanding of organism energetics across size
requires at its most basic level an estimate of the rates
at which food is acquired. In general, 3 primary mechanisms dominate prey capture by suspension-feeding
animals in marine habitats characterized by strongly
advective flows (Rubenstein & Koehl 1977, Shimeta &
Jumars 1991).
Gravitational deposition. Particles that are denser
than seawater fall vertically due to gravity and can be
collected by horizontally oriented surfaces, at rates
given by:
Fg = CwsA g

(1)

where C is the concentration of particles in the fluid,
ws is the particle sinking velocity, and A g is the projected area of a particle collector facing gravity, including an rp-wide strip around the collector’s periphery,
where rp is the particle radius.
Inertial impaction. Moving particles that are denser
than the fluid will also deviate from curved flow trajectories as a consequence of their excess inertia. If in
doing so they pass within 1 particle radius of an
organism, they can be captured. In rapid surf-zone
flows, particles often acquire substantial momentum
such that their stopping distances exceed greatly the
radius of an organism’s particle collector. Under such
conditions, secondary terms involving the degree of
excess density of particles can be eliminated (see
Shimeta & Jumars 1991 for a full discussion), and
encounter rates by inertial impaction can be approximated by:
F i = CuA i

(2)

where u is the local flow velocity past the collector, and
Ai is the projected area of the collector facing u. Note
that (unlike in the case for gravitational deposition)
A i does not include the rp-wide strip surrounding the
collector, since Eq. (2) excludes particles that would
already impinge due to direct interception (outlined
below), regardless of their density.
Direct interception. Even neutrally buoyant particles can be captured if they follow streamlines that
pass within one particle radius of a collector. Encounter rates due to this mechanism are roughly:
Fd = Curpl c

(3)

where l c is the perimeter length of the collector in a
plane perpendicular to flow. This expression, while
superficially different from that given by (for example)
Shimeta & Jumars (1991), reduces to the traditional
form if the usual cylindrical collector is assumed. Note
that because capture efficiency of particles is rarely
100%, the encounter rates for all 3 mechanisms above
represent upper bounds on rates of actual food acquisition.

MATERIALS AND METHODS
Flow tank measurements. Individuals of Anthopleura elegantissima, a common intertidal sea anemone along much of the west coast of North America
(Morris et al. 1980), were collected from local populations near the Marine Science Institute of the University of California in Santa Barbara. Each anemone was
allowed to adhere individually to a ceramic tile and
was maintained in running seawater until experimentation. Specimens ranged from 1.2 to 4.7 cm in dia-
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meter (tentacle tip to tentacle tip across the center of
the oral disk), with a mean of 3.0 cm. This size range is
representative of individuals of this species (Hand
1955, Pearse & Francis 2000).
A large recirculating flow tank (Vogel & LaBarbera
1978) was constructed to examine the structural
response of the anemones to fluid dynamic forces. Seawater pumped through 30 cm diameter PVC pipe was
accelerated smoothly through a choke and transitioned
into a straight, rectangular working section (Fig. 1)
where freestream velocities of up to 3 m s–1 could be
attained, measured by means of a pitot-static tube.
These velocities approximate those found in surf-zone
regions where Anthopleura elegantissima lives (Denny
1985, Gaylord 1999). Vertical profiles of velocity within
the working section (Fig. 2) exhibit the classical shape
of a turbulent boundary layer, as expected (Schlicting
1979).
During testing, individual anemones (attached to a
ceramic tile) were placed in the flow tank and given
several minutes to reach a fully expanded state in still
water. The pump for the flow tank was subsequently
activated, and at each of 6 predetermined freestream
velocities (0.0, 0.3, 0.6, 0.9, 1.2, and 1.5 m s–1), diameters
of the anemone’s tentacular crown (outer tentacle tip to
outer tentacle tip parallel to the plane of the oral disk,
both aligned with and normal to flow) were recorded.
Grids printed on each tile allowed an observer from
above to estimate (correcting for parallax) these diameters to the nearest millimeter. Observations
indicated that Anthopleura elegantissima passively
deforms in response to hydrodynamic forces but does
not, at least over timescales of minutes, actively adjust
its posture in the rapid flows present in the flow tank.
Wet mass was employed as an index of body size for
use in subsequent energetic scaling analyses. Immediately following observations in the flow tank, each
anemone was removed from its tile, gently squeezed
dry in a clean towel, rinsed in deionized water, blotted
dry, and weighed. Tsuchida & Potts (1994) found a
highly significant linear relationship (r 2 = 0.991, p <
0.0001) between wet and dry mass measurements
using this method. Conversions based on this relation-
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Fig. 2. Representative velocity profiles in the flow tank, for
nominal (free-stream) speeds of 0.8, 1.7, and 2.5 m s–1. Note
that all anemones tested in this study were taller than approximately 1 cm, placing their deformable crowns outside the
steepest part of the velocity gradient

ship therefore allow comparison with other studies of
this species where size was expressed as dry mass.
Anemone feeding capacity. Potential rates of food
acquisition by anemones depend on their shape and
orientation relative to both flow and gravity. Two configurations in particular emerge as most relevant to
this study.
The first configuration comprises an individual
growing from an arbitrarily inclined substratum, with
flows impinging on its oral disk from an oblique
angle (Fig. 3A). This represents the most general
flow/organism geometry, with components of the
projected area of an anemone’s oral disk and tentacles
facing both the gravity vector as well as into flow. This
allows all 3 major particle capture mechanisms to play

Oral disc

A
"Crown"

working
choke section diffuser

Column

impeller
motor

B
1m

Fig. 1. Schematic of the recirculating flow tank used for the
laboratory experiments

Fig. 3. The 2 major flow/anemone configurations of this study
(see text)
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a role. A gross overestimate of capture potential is
attained therefore by calculating maximal possible values for each mechanism. Thus, the full projected area
of the oral disk plus surrounding tentacles, computed
as for an ellipse, is used to compute the projected areas
for A g and A i:
A g = π(r1+rp)(r2+rp)

(4)

A i = πr1r2

(5)

few particles via gravitational deposition, making the
magnitude of A g moot. In other situations (e.g. when
fluid moves exactly parallel to the plane of the oral
disk, which is the situation in the flow tank, and a subset of the configuration of Fig. 3A), inertial impaction
might allow for particle delivery to outer portions of the
upstream side of the tentacular crown but not to the
disk proper. This could greatly reduce the actual,
active magnitude of A i. This point also reemphasizes
that the use of maximal capture dimensions for all 3
mechanisms provides a highly conservative overestimate of the capacity for anemones to acquire food.
A key assumption here (for this first configuration of
Fig. 3A) is that there is indeed a nontrivial component
of flow parallel to the plane of the oral disk. This component can apply a lateral force to the organism, an
issue that will become important below where we
consider the scaling consequences of flow-induced
deformation.
In contrast to the situation above, the second major
configuration of interest assumes that there is essentially no component of water motion parallel to the oral
disk (i.e. fluid moves only in direct alignment with,
and toward, the organism’s oral-aboral axis; Fig. 3B).
Although all 3 capture mechanisms can play a role as
before, this second scenario is clearly a rather unlikely
special case. It is also one that precludes the imposition
of substantial lateral forces on an anemone. The reason
that we consider this more restrictive configuration

where r1 and r2 are the major and minor radii of the
tentacular crown, parallel to the plane of the oral disk.
This calculation ignores gaps between tentacles and
therefore functions as a further overestimate of projected area for smaller particles that might pass
through these gaps. The linear capture dimension for
direct interception, lc, is set equal to the circumference of the tentacular crown. Because this quantity
can be expressed in exact form only through the
use of rather complicated elliptic integrals, we use
an approximate expression provided by Ramanujan
(1913):
lc

=

π{3(r1 + r2 ) − (r1 + 3r2 )(3r1 + r2 )}

(6)

Naturally, for some flow/anemone orientations, 1 or
more of the 3 capture dimensions, A g, A i, or l c, may
become less relevant. For example, an anemone growing outwards from a vertical rock face would capture

Table 1. Allometric exponent, b, for rates of energy intake. n is the number of individuals measured at each velocity, SEE is the
standard error of b, and r is Pearson’s correlation coefficient for the regression. Significant p-values (p < 0.05, indicated in bold)
are associated with exponents that are less than 0.77, the exponent for energetic cost. Note that b is not a function of particle size
in inertial impaction or direct interception
Velocity

Particle
size

b

Gravitational deposition
SEE
r
p

0.0 m s–1
(n = 21)

Small
Medium
Large

0.74
0.65
0.58

0.051
0.046
0.042

0.96
0.96
0.95

0.2881
0.0079
< 0.0001

0.78

0.054

0.3 m s–1
(n = 21)

Small
Medium
Large

0.55
0.47
0.41

0.058
0.049
0.043

0.91
0.91
0.91

0.0006
< 0.0001
< 0.0001

0.58

0.6 m s–1
(n = 20)

Small
Medium
Large

0.57
0.48
0.42

0.063
0.053
0.047

0.91
0.90
0.90

0.0024
< 0.0001
< 0.0001

0.9 m s–1
(n = 19)

Small
Medium
Large

0.53
0.44
0.38

0.068
0.057
0.050

0.88
0.88
0.88

1.2 m s–1
(n = 16)

Small
Medium
Large

0.51
0.42
0.36

0.074
0.060
0.051

1.5 m s–1
(n = 15)

Small
Medium
Large

0.52
0.42
0.35

0.071
0.057
0.049

b

Inertial impaction
SEE
r

Direct interception
SEE
r

p

b

0.96

0.4419

0.39

0.027

0.96

< 0.0001

0.061

0.91

0.0030

0.31

0.027

0.93

< 0.0001

0.60

0.066

0.91

0.0108

0.32

0.031

0.92

< 0.0001

0.0011
< 0.0001
< 0.0001

0.56

0.072

0.88

0.0054

0.29

0.037

0.89

< 0.0001

0.88
0.88
0.88

0.0016
< 0.0001
< 0.0001

0.55

0.080

0.88

0.0079

0.29

0.038

0.90

< 0.0001

0.90
0.90
0.90

0.0015
< 0.0001
< 0.0001

0.57

0.077

0.90

0.0091

0.29

0.041

0.89

< 0.0001

p
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here is that it may lead to a somewhat different scaling
relationship than that which arises for the more general scenario.
The capture dimensions A g, A i, and l c are the only
terms in the encounter rate equations (Eqs. 1 to 3) that
vary explicitly with organism size and have the potential to affect the allometry of anemone food intake. To
explore details of these size-dependent quantities and
their relationship to fluid velocity, the tentacular crown
diameter measurements conducted in the flow tank
were divided by 2 and inserted for r1 and r2 in Eqs. (4),
(5) & (6). Effects of particle size (rp) were also examined, using as a basis data from Sebens (1981), who
found that Anthopleura elegantissima individuals in
the field captured particles with a mean radius of
2.25 mm, regardless of their size. Particles of this mean
radius, as well as particles smaller and larger by 1 standard deviation (SD = 1.70 mm, from Sebens’ statistics),
were therefore employed in Eq. (4).
For a given type of food particle, energy intake
varies in direct proportion to the number of captured
particles. As a consequence, the rate of energy intake,
E intake, by each capture mechanism scales as:

RESULTS AND DISCUSSION
Anthopleura elegantissima energetics
Under conditions of still water in the flow tank, there
are no hydrodynamic forces imposed, and the 0.0 m s–1
velocity case provides a proxy for the baseline energetic scaling patterns that would arise if the organisms
were not deformed in flow. With no deformation, diameters of the tentacle crown scale with mass in such a
way that rates of energy intake for medium-sized (i.e.
rp = 2.25 mm) particles captured via gravitational deposition would be predicted to increase with a mass
exponent b of 0.65 (Table 1, Fig. 4). The analogous
exponent for inertial impaction with no deformation
would be 0.78 (Fig. 5), and the no-deformation exponent for direct interception would be 0.39 (Fig. 6). Only

No deformation (0.0 m s-1)

With deformation (0.3 m s-1)

where M is organism mass, and a and b are constants
that depend (for a given particle concentration) on the
particle capture mechanism, the flow/anemone configuration, and fluid velocity. Values of A g, A i, and rpl c
were used therefore as quantitative proxies for relative rates of food intake across organism and particle
size, for each of the 3 capture mechanisms. This step
was accomplished by taking the natural logarithm
of A g, A i, or rpl c, and performing a linear regression
against the natural logarithm of anemone mass to
determine a and b (Eq. 7) in each case. In considering
the first, more common configuration of Fig. 3A, tentacular crown diameter measurements from each of
the 6 flow speeds were used. This allowed for an
examination of the consequences of flow-induced, lateral deformation of the oral disk and tentacles across
velocities. In considering the second, more restrictive
configuration, where flow parallel to the oral disk is
absent (Fig. 3B), only tentacular crown diameter data
from the 0.0 m s–1 flow tank runs were used, appropriate for the situation where finite lateral deformations
do not arise. Due to the greater relative accuracy of
the independent variable (mass), an ordinary least
squares analysis (StatView 5.0, SAS Institute) was
used for all of these allometric regressions (Rayner
1985). The resultant scaling of energy intake across
size was then compared directly to the analogous
scaling of Anthopleura elegantissima’s energetic
costs, Ecost, details of which are available in the literature.

Rate of energy intake (∝ Ag )

E intake ∝ (Fg, F i, or Fd) ∝ (A g, A i, or rpl c) ∝ aM b (7)
Eintake ∝ M

Eintake ∝ M

0.65

With deformation (0.6 m s-1)

Eintake ∝ M

With deformation (0.9 m s-1)

0.48

Eintake ∝ M

With deformation (1.2 m s-1)

Eintake ∝ M
0

1

2

3

4

0.47

0.44

With deformation (1.5 m s-1)

0.42

Eintake ∝ M
5 0

1

2

3

0.42

4

5

Mass (g)
Fig. 4. Relationship between anemone mass and rates of
energy intake (of medium-sized particles; rp = 2.25 mm) by
gravitational deposition, based on anemone morphologies
measured under several free-stream flow rates. Note the
depression of the rates of energy intake relative to the relationship that arises in the absence of flow-induced deformation (dashed line, corresponding to baseline levels estimated
by means of the 0.0 m s–1 proxy case). Numerical values have
been discarded from the ordinate since only the scaling with
size is relevant, not absolute levels. The decrease in the
number of data points at higher velocities is a result of
flowinduced dislodgment of some individuals during the
experiment
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Rate of energy intake (∝ Ai )

No deformation (0.0 m s-1)

Eintake ∝ M

With deformation (0.3 m s-1)

Eintake ∝ M

0.78

With deformation (0.6 m s-1)

Eintake ∝ M

0.58

With deformation (0.9 m s-1)

0.60

Eintake ∝ M

With deformation (1.2 m s-1)

0.56

With deformation (1.5 m s-1)

Eintake ∝ M
Eintake ∝ M
0

1

2

3

4

configuration; Fig. 3B). However, given the severe and
highly variable water motion characteristic of the surf
zone (Denny 1985, Gaylord 1999), at least the second
of these possibilities appears unlikely.
Indeed, Anthopleura elegantissima individuals in
the field are probably subjected routinely to lateral
flows that deform their oral disks and tentacles. This
derives from the intrinsic tendency of fluid to turn and
move parallel to a solid substratum when impinging on
it. Such fluid motions and their deformation effects
have important implications for energetic scaling. As
is shown in Figs. 4, 5 & 6, even modest velocities can
reduce capture areas and depress the mass exponents
of energy intake in A. elegantissima. For all particle
sizes tested, and all 3 capture mechanisms, these
depressed mass exponents are significantly less than
the exponent of energetic cost (0.77) of this species
(Table 1). This is also necessarily true of the b exponent

0.57

No deformation (0.0 m s-1)

0.55

5

0

1

2

3

4

With deformation (0.3 m s-1)

5

Fig. 5. Relationship between anemone mass and rates of
energy intake by inertial impaction, based on anemone morphologies measured under several free-stream flow rates.
Note the depression of the rates of energy intake relative to
the relationship that arises in the absence of flow-induced
deformation (dashed line, corresponding to baseline levels
estimated by means of the 0.0 m s–1 proxy case). Numerical
values have been discarded from the ordinate since only the
scaling with size is relevant, not absolute levels. The decrease
in the number of data points at higher velocities is a result
of flow-induced dislodgment of some individuals during the
experiment

2 of these values are significantly less than the mass
exponent of energetic cost (0.77) quantified for Anthopleura elegantissima by Sebens (1981, see also Shick
et al. 1979, Zamer 1986). Furthermore, values of b for
gravitational deposition also increase with decreasing
particle size (Table 1). The net result is that, in the
absence of flow-induced deformation, the mass exponents for intake rates of small particles (rp = 0.55 mm)
by gravitational deposition, and any sized particle by
inertial impaction, are not significantly less than the
exponent of energetic cost. This implies that, without
distortion of the tentacle crown in flow, a strict energetic limit to size should not exist in this species
(Fig. 7A provides a graphical depiction of this scenario). Such a minimal-deformation scenario might be
expected in exceptionally benign habitats, or as a consequence of water always moving along an anemone’s
oral-aboral axis only (i.e. in the second flow/anemone

Rate of energy intake (∝ rp lc )

Mass (g)
Eintake ∝ M

Eintake ∝ M

0.39

With deformation (0.6 m s-1)

Eintake ∝ M

Eintake ∝ M
0

1

2

3

4

With deformation (0.9 m s-1)

Eintake ∝ M

0.32

With deformation (1.2 m s-1)

0.29

With deformation (1.5 m s-1)

Eintake ∝ M

0.29

5 0

0.31

1

2

3

4

0.29

5

Mass (g)
Fig. 6. Relationship between anemone mass and rates of
energy intake by direct interception, based on anemone morphologies measured under several free-stream flow rates.
Note the depression of the rates of energy intake relative to
the relationship that arises in the absence of flow-induced
deformation (dashed line, corresponding to baseline levels
estimated by means of the 0.0 m s–1 proxy case). Numerical
values have been discarded from the ordinate since only the
scaling with size is relevant, not absolute levels. The decrease
in the number of data points at higher velocities is a result
of flow-induced dislodgment of some individuals during the
experiment
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Rate of energy intake or expenditure

A
Eintake

Ecost

B

Eintake

Maximal size

Ecost

Mass
Fig. 7. Conceptual energetic scaling patterns. (A) Conditions
where the mass exponent of metabolic cost does not exceed
that of energetic intake (e.g. gravitational deposition of small
particles or inertial impaction of any sized particles if there
were no flow-induced deformation). (B) Conditions where the
mass exponent of energetic intake is significantly less than
that of metabolic cost (e.g. all feeding in flows of 0.3 m s–1 and
faster). The size where the lines intersect in this panel sets the
maximal size of an organism

associated with the summed intake from all 3 mechanisms, since for purely mathematical reasons it must
fall intermediate to the overall range of values. As a
consequence, in the presence of nonzero but quite
common flows (flows with at least a component > 0.3 m
s–1 parallel to an anemone’s oral disk), there exists
some finite size above which energetic requirements
exceed rates of energy intake (i.e. Ecost > E intake). This
places a potential bound on growth (Fig. 7B provides a
graphical depiction) in individuals subjected to all but
rather restrictive flow/anemone configurations (even
flows that align exactly with an anemones oral/aboral
axis may bend an organism’s tentacles towards the substratum and thereby reduce capture areas). Although
clonal aggregations of A. elegantissima (Hand 1955,
Pearse & Francis 2000) may reduce flow speeds to a
certain extent (and thus forces imposed on individual
polyps) within densely packed arrays (e.g. McFadden
1986, Anthony 1997), this feature appears unlikely to
eliminate entirely the deformation response and its
scaling consequences.

Additional scaling considerations
Thus far this study has considered only mechanisms of
particle capture in evaluating the scaling of energy intake across size. However, many Anthopleura elegantissima individuals gain nutritive input from photosyn-
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thetic algal symbionts that live within their gastrodermal
tissues (Muscatine 1961, Muller-Parker & Davy 2001).
Nonetheless, while such auxiliary sources of carbon are
unarguably important, the dominant flux of solar energy
available for photosynthesis (and thus for use by an
anemone after conversion to the appropriate currency)
likely scales with a projected area in much the same way
as particle capture. Reduced-intensity scattered light
during submergence, while potentially impinging from
multiple directions, most likely represents a minor energetic contribution relative to projected area-dependent,
direct insolation at low tide. This species relies heavily
on prey capture regardless of symbiont activity (Shick &
Dykens 1984, Zamer & Shick 1987).
The expressions for particle capture used in the
analysis above are also simplified representations. As
organisms grow and become larger (i.e. as Reynolds
numbers increase; see Shimeta & Jumars 1991), patterns of fluid motion (including velocities local to a
collector surface) will change even for an individual
of identical shape in the same bulk flow. However,
although such changes have the potential to alter to
some degree the underlying allometric relationships of
energy intake, they appear unlikely to modify our
major conclusions. Faster flows can also result in lateral compression of fluid trajectories as they pass the
sides of a collector, increasing (in particular) encounter
rates due to direct interception. Shimeta & Jumars
(1991) provide corrections for this effect (as well as for
encounter due to attached downstream vortices) in
adjusted ‘intermediate Reynolds numbers’ rate equations. These adjusted equations, however, simply approach the same general form as Eq. (2), and so are
already implicitly accounted for in the above scaling
calculations. This is also true for analyses that employ
more intricate estimates of perimeter length (l c in
Eq. 3) that arise from following the more convoluted
path around each and every tentacle tip; such estimates are again bounded by the equation for inertial
impaction.

CONCLUSIONS
Results of this study suggest that flow may affect not
only the absolute rate of food acquisition in Anthopleura elegantissima, but also the underlying relationship between energy intake and anemone size. Although non-gravitational prey encounter rates increase
as usual with fluid velocity (reductions in A i and l c do
not completely counteract the absolute effects of a
faster u in Eqs. 2 & 3), the dramatic (and associated)
deformation-linked shifts in the relative scaling of energy intake diverge from elements of many traditional,
simplified models that explore interactions between
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Gravitational deposition

-2

*

-4

*

*

*

*

-6

Inertial impaction
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*

ln(a)
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*

*

*

*
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Direct interception
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1.5

-7

-8
0

0.3

0.6

Velocity (m s-1)

Fig. 8. The natural logarithm of the allometric coefficient, a, in
the relationship, E intake ∝ aM b, for gravitational deposition,
inertial impaction, and direct interception. Error bars indicate
95% confidence intervals. Negative values reflect the fact
that a is typically less than 1. Asterisks indicate velocities at
which values of a are significantly different (p < 0.05) from
that at 0.0 m s–1 where there is no flow-induced anemone
deformation

habitat characteristics and organism energetics. Typically, general scaling models assume that environmental factors modulate predominantly only the leading
coefficient a in allometric energy intake relationships
(e.g. Sebens 1979, Melton 1993). Indeed, even in this
study, a decreases at higher flow rates (Fig. 8). However, in contrast to traditional assumptions, the mass
exponent for energy intake b in A. elegantissima also
varied with fluid velocity (Figs. 4, 5, & 6). This less intuitive result demonstrates that environmental factors
may govern not only absolute levels of food availability
or prey delivery, but also the underlying, basic scaling
pattern of energy intake itself. In this way, by shifting
relative magnitudes of E intake and Ecost across size, flow
may ultimately affect the selective pressures interacting with, and operating on, body size in nature.
It may be that potential flow-mediated, indirect
energetic bounds to size are present in other species as

well. Hydrodynamic forces applied by crashing surf
can be severe (e.g. Koehl 1977, 1984, Denny et al.
1985, Gaylord et al. 1994, 2001, Gaylord 2000), and
have the potential to modulate rates of energy intake
of organisms on multiple trophic levels. For example,
rapid water motion appears to decrease grazing ability
in herbivores (Brown & Quinn 1988, Judge 1988), as
well as foraging time in scavengers and predators
(Richardson & Brown 1990, Hahn 1998). If such
inhibitory effects demonstrate size-dependent scaling,
extreme flows may have the capacity to induce energetic constraints on size in an unexpectedly wide
variety of organisms.
We emphasize, however, that the patterns described
here are only suggestive, and are based largely on theoretical relationships. Real-world intertidal flows are
complex, typically change in direction and magnitude
over timescales of seconds or less, exhibit complicated
spatial structure that can have non-intuitive consequences (Gaylord 2000), and are affected strongly by
the microhabitats in which organisms live. Laboratory
and field experiments also have demonstrated that
capture rates can vary in unexpected ways due to
shifts in capture location along an organism’s body
in different flow situations (e.g. Patterson 1984, 1991,
Sebens et al. 1998). Thus, despite the suggestive
nature of this study’s findings, further research must
examine the implications of such factors before a full
reckoning of possible flow-linked bounds to size can
be achieved.
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