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INTRODUCTION

Barnacles are numerically dominant suspension
feeders found on rocky shores around the world. Due
to their abundance, these benthic invertebrates dom-
inate large portions of the intertidal zone and are
important prey for other invertebrates (Connell 1961,
Navarrete et al. 2000), fish (Hueckel & Stayton 1982)
and birds (Vermeer 1982). They are ecosystem engi-
neers that increase habitat complexity and provide
important microhabitat for other invertebrate fauna
(Barnes 2000, Harley 2006, Sueiro et al. 2011). As
suspension feeders, barnacles represent an impor-
tant link between benthic and planktonic communi-

ties through their procurement of food particles from
surrounding waters.

Barnacles feed using a cirral fan that consists of
6 pairs of legs or ‘cirri’ (feeding appendages), each
with 4 to 7 pairs of evenly spaced setae. The exten-
sion and withdrawal of these appendages allows for
feeding on planktonic prey (see Riisgård & Larsen
2010). Suspension feeding activity can be quantified
as a capture rate (defined as the total number of par-
ticles caught per unit time by a standard mass weight
of a suspension feeder; Wildish & Kristmanson 2005)
and capture efficiency (the ratio of particles captured
to those encountered by feeding structures; Ruben-
stein & Koehl 1977). Both measures of feeding are
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likely influenced by 2 potentially important environ-
mental factors: water motion and temperature (Jør-
gensen 1983, Labarbera 1984, Wildish & Kristmanson
2005).

Water motion can enhance capture rate by increas-
ing the flux of particles past feeding structures (Hel-
muth & Sebens 1993, Sanford et al. 1994, Ackerman
& Nishizaki 2004). However, the proportion of water
that passes through a feeding structure, or ‘leaki-
ness’, also increases with increasing flow (Loudon &
Alstad 1990, Geierman & Emlet 2009), so capture
efficiencies can decrease at higher velocities. At
excessively fast flows, capture rates may decrease
through mechanical deformation and damage to
exposed feeding appendages or behaviors to avoid
such damage (Marchinko 2007, Miller 2007).

Water temperature can affect feeding rate through
changes in physiology and fluid dynamic conditions.
Barnacles deploy their cirri into the water column to
capture seston. Many barnacle species show a ther-
mal optimum in maximum beating rates of these cirri,
which may influence particle capture rates (see
review by Anderson & Southward 1987). From a
physical perspective, temperature may also affect
suspension feeding as a consequence of changing
water density and viscosity (Podolsky 1994).

For suspension feeders, sieving has been assumed
to be the primary particle capture mechanism, with
particles larger than the space between filter ele-
ments unable to pass (see Riisgård & Larsen 2010).
However, Jørgensen (1966) noted that limited pres-
sure differentials across such
filter elements suggests sieving
may not always be the domi-
nant capture mechanism. An
alternate approach based on
aero sol-filtration theory (Ru -
ben stein & Koehl 1977) provi -
des 4 non-dimensional in dices
that describe capture efficien-
cies related to each of 4 non-
sieving mechanisms: (1) direct
interception (NR), (2) in ertial
im pac tion (NI), (3) gravitational
deposition (NG) and (4) diffu-
sional deposition (ND). A fifth
mechanism, electrosta tic at trac -
tion, is of minor importance in
an electrolyte such as seawater
(Shi meta & Jumars 1991, but
see Labarbera 1978) (Table 1).
Together, the 4 models allow
for  predictions about the effect

of water motion on particle capture. Shimeta & Jumars
(1991) ex tended this approach by introducing 4 simi-
lar indices describing particle encounter rate, rather
than efficiency, for each of the 4 mechanisms. To -
gether, these capture efficiency and capture rate
indices provide a powerful framework to predict
 patterns of feeding under various environmental
conditions.

Studies linking environmental conditions to barna-
cle feeding activity are based largely on work corre-
lating cirral beating rate to feeding rate (Southward
1955b, Sanford et al. 1994). Although beating rate
has been related to both temperature (Southward
1957) and flow (Marchinko 2007, Miller 2007), sur-
prisingly little data exists measuring actual capture
rates of suspended food particles (but see Trager et
al. 1994, Bertness et al. 1998). In addition, describing
the effects of multiple environmental stressors on
 or ganismal performance provides a mechanistic ex -
planation of how organisms may respond to en -
vironmental uncertainty (Kearney & Porter 2004,
Németh et al. 2013, Todg ham & Stillman 2013). Here,
we present results from experiments directly measur-
ing feeding rates of Balanus glandula under a range
of water temperatures and velocities.

In this study, we (1) conducted feeding experi-
ments to explore the influence of water temperature
and velocity on particle capture rate and particle
capture efficiency; (2) made detailed measurements
of cirral activity under different water temperatures
and velo cities to explore the interactions between

208

Capture Organism Velocity Particle dia- Source
mechanism (cm s−1) meter (μm)

Sieving Brachiopods − ~4.5 Strathmann (2005)
Mussels − 0.2−1 Wright et al. (1982)

Direct inter- Corals 2–40 200 Sebens et al. (1997)
ception Corals 3−20 200 Patterson (1991)

Brittlestars 4 30−360 Labarbera (1978)
Seagrasses 20 7.5−2700 Ackerman (1997)
Blackfly larvae 80 0.091−30 Ross & Craig (1980)
Tunicates 2−4 0.5−3 Sutherland et al. (2010)

Inertial Brittlestars − 20−340 Labarbera (1984)
impaction Octocorals 50 256−1000 Sebens & Koehl (1984)

Bryozoans 1−12 11.9 ± 1.9 Okamura (1984)
Gravitational Corals 30−50 <6000 Koehl (1977)

deposition Corals <10 200 Sebens & Johnson (1991)
Diffusional Blackfly larvae 4–45 0.5–100 Braimah (1987)

deposition Glass fibers 0.1−1 5 Schrijver et al. (1981)
Electrostatic Brittlestars 4 30−360 Labarbera (1978)

attraction

Table 1. Reported mechanisms of particle capture for various aquatic organisms. 
(–) not available
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environment, feeding and behavior, and (3) em -
ployed models to predict patterns of particle capture
rate and particle capture efficiency under a range of
water velocities and temperatures.

MATERIALS AND METHODS

Organism collection

Barnacles Balanus glandula attached to shells of
the mussel Mytilus trossulus were collected from
Argyle Creek (48° 31.728’ N, 123° 00.802’ W) on San
Juan Island, WA, USA, in May and June of 2012. The
site was characterized by unidirectional tidal flow.
Barnacles were gently excised from mussel shells
with a razor blade and maintained unfed at 8°C in a
recirculating seawater system for 1 wk before use in
experiments. Shell height and basal diameter (along
the rostro-carinal axis) of each barnacle were meas-
ured with Mitutoyo 500-196-20 digital calipers (Mitu-
toyo America; ±0.01 mm). Cirri were dissected and
photo graphed under a dissecting microscope with a
Cool Pix 995 digital camera (Nikon), and the length of
the sixth cirrus was measured from the tip to the base
of the ramus as described in Arsenault et al. (2001)
using ImageJ software (NIH; ±0.001 mm).

To characterize the fluid conditions that barnacles
were exposed to during feeding, the Reynolds num-
ber (Re) was calculated as:

(1)

where ρs is the density of seawater (kg m−3), dci is the
diameter of the sixth cirrus (m), U is water velocity
(m s−1), and μ is the dynamic viscosity of seawater
(kg m−1 s−1).

In our experiments, U at the level of the cirri was
not directly quantified, so we approximated its value
as 10% of free-stream (Carrington et al. 2008). These
velocities were then used for Eq. (1) (also Eq. 4).

Experimental design

Before each trial, barnacles were attached to an
acrylic plate (10 × 3 cm) using modeling clay. Ten
barnacles were placed on each side of the centerline
of the plate, forming 2 columns that extended along
the primary axis of water flow (see Fig. A1 in the
Appendix; 20 barnacles total). The plate was placed
in the flow chamber such that the long axis was par-
allel to the direction of flow. An additional row of bar-

nacles was placed on both the upstream and down-
stream ends of the test barnacles to avoid effects that
might be associated with leading and trailing edges
(Sebens et al. 1997). Individual barnacles were used
as replicates in all experiments (N = 20).

Measuring feeding rates

Feeding trials were conducted in a closed, recircu-
lating flow chamber of 600 ml volume as described
by Nishizaki & Carrington (2014). Barnacles were fed
hydrated Artemia cysts (hydrated diameter = 228.1 ±
4.1 μm, N = 30 cysts subsampled from experiment),
that were within the size distribution of barnacle
prey (Trager et al. 1994, Wang et al. 1999). Before
each trial, Artemia were hydrated in 1 μm filtered
seawater for 30 min and then fractionated to isolate
near neutrally buoyant (slight negative buoyancy)
cysts at a concentration of 27 ± 1 cysts ml−1. Cysts
were used as we were unable to quantify plankton
prey and found no published identification of B. glan-
dula diet. Artemia cysts are within the size range of
prey for other barnacle species (Barnes 1959, Wang
et al. 1999) and provide a means of quantifying bar-
nacle ingestion rates as demonstrated by Bertness et
al. (1998). Cysts (27 ± 1 cysts ml−1) were added to the
flow chamber at the beginning of each run, and 1 ml
water samples were taken from the flow chamber at
the beginning of each trial and again at their conclu-
sion to quantify any decrease in cyst concentration
due to sedimentation. Cyst diameters did not change
significantly during the course of each trial (t28 = 1.33,
p > 0.05).

After a 5 min acclimation period in the flow cham-
ber, barnacles were exposed to experimental condi-
tions for 45 min. This test duration was based on pre-
liminary observations to provide sufficient time for
barnacles to commence feeding, while avoiding
feed ing saturation (data not shown). The plate was
exposed to one combination of water temperature (5,
10, 15, 20, and 25°C) and velocity (1, 7.5, 12, 20, 30,
40, and 60 cm s−1), and individual barnacles were
used as replicates in all experiments (N = 20). Water
velocities along the centerline of the testing chamber
were estimated by tracking the displacement of glass
microbeads (Potters Industries; mean particle dia -
meter = 9 μm, density = 2.0 g cm−3) at each flow set-
ting (for details, see Nishizaki & Carrington 2014).
Water temperatures varied by less than 0.1°C during
the course of each trial. These experimental condi-
tions conform to the range of conditions that barna-
cles experience in the field. Under natural conditions,

Re =
ρ

μ
s cid U
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barnacles experience water velocities ranging from
0.96 to 98 cm s−1 (Marchinko & Palmer 2003, Miller
2007) and water temperatures from 2.5 to 26.7°C
(Nishizaki & Carrington 2014).

After removal from the flow chamber, all 20 barna-
cles (excluding those in the first and last rows) were
dissected and the number of cysts present in the gut
was quantified. Under a dissecting microscope, cysts
showed no signs of digestion and remained identifi-
able after 45 min. Cyst capture rates were standard-
ized by calculating the number of cysts captured per
min per barnacle. Capture efficiency was calculated
as cyst capture rate (cysts s−1) divided by the
encounter rate of cysts to the cirral net (cysts s−1):

(2)

Encounter rate (cysts s−1) was calculated as the
delivery of cysts passing through the area projected
by the cirral net:

(3)

where Ccy is the concentration of cysts in the water
column (cysts m−3), U is free-stream water velocity
(m s−1) and Acirral net is the projected area of the cirral
net (m2). The projected area of the cirral net was
calculated assuming a triangular shape (1/2bh),
where base (b) is cirral net width (m) and height (h)
is measured as cirral length (m). Video analysis was
used to measure cirral height during different cirral
beating behaviors (N = 5 barnacles per behavior;
random numbers generated to select individuals
subsampled), which varied with flow and tempera-
ture. Cirral net widths were also measured from
video recordings (N = 30 barnacles). Cirral behav-
iors were then categorized (see next section) every
2 s for 10 min (N = 10 barnacles per trial; random
numbers generated to select individuals subsam-
pled) to calculate average cirral height over the
course of each trial. In addition, the length of time
that the cirral net re mained exposed to the water
column during the various types of beating was
measured (N = 10 barnacles per behavior; random
numbers generated to select individuals subsam-
pled). The length of cirral exposure during each
trial was calculated as the product of the time
exposed during each beat type and the total number
of beats (calculated from observed beat rate for
each behavior). Cirral heights were then standard-
ized to the proportion of time cirri were exposed
before calculation of projected area.

Cirral behavior

Cirral beating behavior was recorded during each
feeding trial using a PowerShot SX20 IS digital cam-
era (Canon). For each trial, 10 min of cirral behavior
was assessed using an open-source processing soft-
ware package (Avidemux 2.6.0). Cirral behaviors
were classified according to Nishizaki & Carrington
(2014), and the proportion of time barnacles spent
engaged in each behavior was measured. These
behaviors were then categorized as either extended
(i.e. normal beat, fast beat, extension) or abbreviated
beating (i.e. pumping, testing, gaping). Both ex ten -
ded and abbreviated behaviors were considered as
potentially capable of capturing food in our analysis.
Cirral beat rate was also measured from 10 barnacles
for each trial.

A separate analysis was undertaken to determine
the efficacy of using cirral beating rate as a proxy for
barnacle feeding rate. A 10 min section of feeding
experiment video was analyzed to determine the
proportion of barnacles actively beating their cirri
(i.e. both extended and abbreviated). These numbers
were compared to the number of barnacles with cysts
found in their gut by dissection.

Statistical analysis

Kruskal-Wallis tests were employed to analyze the
effect of velocity and temperature on (1) cyst capture
rate, (2) cyst capture efficiency, (3) percentage of bar-
nacles actively beating cirri (total beating), (4) per-
centage of barnacles with extended beating and (5)
percentage of barnacles with abbreviated beating.

Differences in the percentage of barnacles beating
and percentage with cysts in their gut were tested for
with a Z-test (Zar 1999). The relationship between
cirral beating rate and feeding rate was assessed
with linear regression. All statistical tests were con-
ducted with MATLAB v.R2011a (Mathworks) and
SPSS v.19 (IBM).

Predicted cyst capture

For each of the 4 particle capture mechanisms
(Fig. 1), 2 non-dimensional indices were calculated:
one that predicts cyst encounter rate by a cirrus and
one that predicts cyst capture efficiency. The effi-
ciency indices assume capture by a single cirrus in a
moving fluid. This assumption does not consider the
contribution of fine cirral setae to feeding (South-

Capture efficiency
Cyst capture rate

Cys
=

tt encounter rate

Capture encounter rate cy cirral net= C UA

210
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ward 1955b). The indices were calculated across a
range of velocities (1, 7.5, 12, 20, 30, 40 and 60 cm s−1)
and temperatures (5, 10, 15, 20 and 25°C), as de -
scribed in the following subsections.

Direct interception

At low to intermediate Re, neutrally buoyant cysts
move along streamlines, and a proportion approach
within 1 cyst radius from a single cirrus (rcy = 1.28 ×
10−4 m). Capture rate (FR) due to direct interception
can be calculated for intermediate Re (Shimeta &
Jumars 1991):

FR = 2CUlciλ + 2CνUνrcylci (4)

where C is cyst concentration (cells ml−1), U is water
velocity around the fixed cirrus (m s−1), lci is exposed
cirrus length (m) and λ is half the cross-streamline
distance of fluid for which particles encounter the cir-
rus. Cν and Uν are cyst concentration (cells ml−1) and
velocity (m s−1) in the trailing vortex. No depletion of
cysts behind the cirrus is assumed since ‘fresh’ water,
which has not contacted the front of the cirrus, is
entrained into the vortex (Shimeta & Jumars 1991).

λ at intermediate Re is calculated according to
Humphries (2009):

λ =  a i × Reci
b i + ci (5)

where ai = 0.216 × rp
1.954, bi = 0.652 − 0.186 × rp, ci =

0.160 × rp
1.911, and where rp is the absolute particle

radius (m; Fig. 1), estimated according to Humphries
(2009).

Capture efficiency (NR) of cysts due to direct inter-
ception can be calculated as:

(6)

dcy is cyst diameter (m) and dci is cirrus diameter (m).
The length of exposed cirrus varied among the vari-
ous beating behaviors (described below) employed at
each velocity.

Inertial impaction

At fast water velocities, the momentum of a cyst
causes it to deviate from the path of a streamline, and
it can be intercepted by the cirrus. Capture rate (FI)
can be calculated as:

F I =  2CUlcils (7)

where l s is the stopping distance of cysts (m), defined
as the distance along the cyst’s original trajectory
over which it would stop if the fluid flow ceased
instantaneously. l s is calculated as follows (Shimeta &
Jumars 1991):

(8)

where ρcy is the density of fully hydrated cysts (1082
kg m−3 at 23 to 25°C and 15 PSU; Clegg 1984), ρs and
μs represent temperature-dependent seawater den-
sity (kg m−3) and dynamic viscosity (Pa s) respec-
tively, and rcy is cyst radius (m).

Capture efficiency (NI) was calculated as follows:

(9)

where rci and dci are cirral radius and diameter
respectively (m).

Gravitational deposition

Under slow water velocities, negatively buoyant
cysts sink and come into contact with the cirrus. Cap-

N
d

dR
cy

ci

=

l
U r

s

cy s cy

s18

–
=

( )( )ρ ρ

μ

2
2

N
d U

dI

cy cy s

ci

=
−( )2

18

ρ ρ

μ

G

R
R

rp

rcy

Barnacle
cirrus

II
λ

D D

Fig. 1. Mechanisms of aerosol particle capture (after Shi -
meta & Jumars 1991). Direct Interception (R) of a cyst from
flowing seawater as it moves along a streamline around the
barnacle cirrus. Inertial impaction (I) occurs when the mo-
mentum of a cyst causes it to deviate from the path of a
streamline and contacts the cirrus. Gravitational deposition
(G) can occur when sedimenting cysts contact the cirrus. Dif-
fusional deposition (D) applies when cysts exhibiting ran-
dom paths collide with water molecules and are collected
when they contact the cirrus. λ is the effectively swept dis-
tance (m), rc is the radius of the cylinder (m) and rp is the 

particle radius (m)
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ture rate (FG) and capture efficiency (NG) can be cal-
culated as:

(10)

(11)

where g is gravitational acceleration (m s−2).

Diffusional deposition

Under very slow water velocities, cysts randomly
deviate from streamlines due to Brownian motion,
and can become entrained on the cirrus. Capture rate
due to diffusional deposition (FD) and capture effi-
ciency (ND) can be calculated as:

(12)

(13)

where Reci is the Reynolds number using cirral dia -
meter as the characteristic length, cyst diffusivity
(D) = KT / 6πμrcy = 7.4 × 10−12 cm2 s−1 (Patterson 1991),
K is the Boltzmann constant (1.38 × 10−23 J K−1), and T
is temperature (K).

The influence of behavior on capture rate indices
was also calculated by multiplying each by the pro-
portion of time spent engaged in extended beating
behaviors (i.e. feeding; see description below) stan-
dardized to the total time of each trial.

RESULTS

Re calculated for flow around barnacle cirri during
the feeding experiments ranged from 0.1 to 14.7,
increasing with faster water velocities and warmer
water temperatures (Fig. 2).

Measured rates

Projected area of the cirral net, cyst encounter
rate and capture rate were highest at 20 cm s−1 and
15°C, and decreased at extreme velocities and tem-
peratures (Fig. 3A−C). Cyst capture rates were sig ni -
ficantly influenced by both temperature (Kruskal- Wallis
H = 44.87, p < 0.001) and velocity (H = 39.31, p <
0.001). Capture rates at 7.5 cm s−1 were significantly

higher than those at 1, 30, 40 and 60 cm s−1 (Tukey’s
HSD, p < 0.05) but not different than those at 12 and
20 cm s−1. Capture rates at 15°C were significantly
higher than those at 5, 20 and 25°C (Tukey’s HSD, p <
0.05), but not significantly different than that at 10°C
(Fig. 3C). The downstream position of each barnacle
did not affect capture rate (Table A1).

Capture efficiencies were influenced significantly
by both temperature (Kruskal-Wallis H = 39.26, p <
0.001) and velocity (H = 31.51, p < 0.001), and peaked
at 1 cm s−1 and 15°C (Fig. 3D). Capture efficiencies at
15°C were significantly higher than those at 5, 20 and
25°C (Tukey’s HSD, p < 0.05), but not significantly
different than that at 10°C (Fig. 3D). Capture effi-
ciencies at 1 cm s−1 were significantly higher than
those at all higher velocities (7.5, 12, 20, 30, 40 and
60 cm s−1; Fig. 3D).

Cirral beating behavior

Barnacles displayed high levels of cirral beating
activity (Fig. 4), spending an average of 74 ± 3% of
observed time actively beating their cirri (abbrevi-
ated and extended forms combined). The total num-
ber of barnacles actively beating was significantly
influenced by water velocity (Kruskal-Wallis H =
13.80, p = 0.032), and there was a near significant
relationship with temperature (H = 8.97, p = 0.06).
Extended beating was influenced significantly by
both temperature and velocity (H = 12.54, p = 0.014
and H = 107.86, p < 0.01 respectively). Extended
beating at 30, 40, and 60 cm s−1 was significantly
lower than that at slower flows (Fig. 4; Tukey’s HSD,

F
Cg r r r l
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Fig. 2 Reynolds number (Re) calculated for barnacles over a
range of water velocities and temperatures. Calculations are
based on the diameter of a single cirrus as the characteristic
length (2.56 ± 0.50 × 10−4 m) and water velocities around
cirri were assumed to be 9% of free stream velocities (Car-

rington et al. 2008)
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p < 0.05). The exception was between 20 and 30 cm
s−1, where no significant differences were detected.
Extended beating at 15°C was significantly higher
than that at 25°C (Tukey’s HSD, p < 0.05).

Abbreviated beating was significantly influenced
by both temperature (Kruskal-Wallis H = 21.04, p <
0.001) and velocity (H = 98.75, p < 0.001). Abbrevi-
ated beating at 30, 40 and 60 cm s−1 was significantly
lower than that at the slower flows (Fig. 4; Tukey’s
HSD, p < 0.05). Abbreviated beating at 25°C was
 significantly higher than that at 5, 10, 15 and 20°C
(Tukey’s HSD, p < 0.05).

Cirral beating rate increased with both water veloc-
ity and temperature (Fig. 5). Beating rates ranged
from 0.05 to 1.00 beats s−1 and were significantly influ-
enced by both water temperature and velocity
(Kruskal-Wallis H = 29.96, p < 0.001 and H = 43.03, p <
0.001 respectively). Beating rates were significantly
higher at 40 to 60 cm s−1 compared to those at all lower
velocities tested and significantly lower at 5°C com-
pared with those at all other temperatures (Tukey’s
HSD, p < 0.05).

Cirral activity versus feeding rate

The percentage of barnacles beating their cirri dur-
ing the experiment was significantly higher (68 ± 3%;

Fig. 6A) than the percentage of barnacles with cysts in
their gut (22 ± 3%; Z-test, p < 0.05). Whereas beating
rate did not display a consistent pattern in regards
to either temperature or flow, the percentage of fed
barnacles peaked at moderate water velocities (7.5 to
12 cm s−1) and temperatures (15 to 20°C; Fig. 6B).
When the percentage of barnacles fed were plotted
against the percentage beating, all measured data fell
below unity (Fig. 6C). At most temperatures, there
were no clear trends between cirral beating and feed-
ing activity; only at 15°C was there a positive relation-
ship (linear regression, p < 0.05).

Model predictions

Of the 4 particle capture mechanisms, only results
for direct interception (FR) are presented as they were
on the order of 100× larger than the next largest
 capture mechanism for all velocity−temperature con-
ditions. Results based on physical parameters alone
(no behavior), showed capture rates increasing mono -
tonically with increasing flow (Fig. 7A). The model
also predicted that temperature had little effect on
capture rates from 5 to 25°C. When behavior was
incorporated into the model, however, capture rates
peaked at 20 cm s−1 and 15°C (Fig. 7B), similar to
observed values.
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Fig. 3. Measured Artemia
cyst capture by Balanus
glandula over a range of
water velocities and tem-
peratures. Contour plots
with linear interpolation
represent: (A) projected
area of the cirral net, (B)
encounter rate of cysts
past the cirral net, (C)
capture rate and (D)
 capture efficiency. For
capture rates, each node
represents a mean of 

20 barnacles
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The capture efficiency model also suggests that
direct interception (NR) is between 101 to 108 times
larger than capture by inertial impaction, gravita-
tional deposition or diffusional deposition. The model
predicted uniform efficiencies across all treatments
(~75%; data not shown).

DISCUSSION

Changes in water temperature and velocity elicited
behavioral changes in cirral beating that affected
projected area of the cirral net, cyst encounter rate,
capture rate and capture efficiency (Fig. 3). In our
experiments, cyst capture rate peaked at 7.5 to 20 cm
s−1 (Fig. 3C). At low water velocities, capture rates
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were likely limited by the flux of cysts to the barna-
cle. At high flows, however, abbreviated beating
became more common, suggesting that feeding may
be constrained by mechanical limitation (Fig. 4).
There was, however, a secondary peak at 40 cm s−1.
Shimeta & Jumars (1991) suggest that a sharp in -
crease in capture rate may exist at Re ≈ 10 due to vor-
tex formation. This is consistent with our results, as
cirri at 40 cm s−1 were subject to Re = 6 to 10 (Fig. 2).
The effect of further increases in flow are less pre-
dictable because pressure fluctuations due to vortex
shedding can reduce retention efficiency (Shimeta &
Jumars 1991).

Capture rates also displayed a thermal optimum
at 15°C (Fig. 3C). At high temperatures, barnacles
employ abbreviated beating, presumably for ventila-
tion, which may contribute to reduced capture rates

(Nishizaki & Carrington 2014). At low temperatures,
capture rate may instead be limited by significantly
lower beating rates (Fig. 5). Temperature had a mod-
erate effect on the hydrodynamics of the system (i.e.
water viscosity, density). Changes in feeding rates
are more likely due to changes in barnacle physiol-
ogy and/or behavior with temperature (Fig. 3C).

These capture rates do not account for prey escape
behavior (Trager et al. 1994) and consequently may
be an overestimate if applied to swimming prey. Sim-
ilarly, capture rates are significantly affected by par-
ticle size (Labarbera 1978, Sutherland et al. 2010),
which should be considered before extending these
conclusions to smaller prey items (Crisp & Southward
1961).

The experimental results contrasted with those of
the capture rate model, which is based on morpho-
logical characteristics and hydrodynamic conditions.
The model using a single, continuously exposed
 cirrus predicted a monotonic increase in particle
 capture with increasing flow and no change with
temperature. Only when behavior was incorporated
did the model more closely predict peak capture
rates at intermediate water velocities. Both capture
rate and capture efficiency models suggest that
direct interception is the dominant capture mecha-
nism under a wide range of thermal and flow condi-
tions (Fig. 7A,B). Although further refinements to the
physical model are possible, any reasonable modifi-
cations are unlikely to produce accurate predictions
about barnacle capture rates without accounting for
flow- and temperature-dependent behavior.

Capture efficiencies were highest at low velocities
and decreased rapidly as velocity increased (Fig. 3D).
Lower efficiencies at high flows may be a conse-
quence of the cirral net deforming (Marchinko 2007).
As water velocities increase, the cirral net may
also become increasingly ‘leaky’ (Geier man & Emlet
2009), which would decrease capture efficiencies.

Although capture efficiency dropped with increas-
ing water velocity, higher encounter rates likely com-
pensated to yield the highest capture rates occurring
at 7.5 to 12 cm s−1 (Fig. 3C). At very high velocities,
low capture efficiencies may prevent barnacles from
capitalizing on high cyst flux. Moreover, capture rates
rather than efficiencies are of greater interest from an
energetic perspective as energy intake will be great-
est where cyst capture is highest, not efficiency.

The low capture efficiencies measured here
(Fig. 3D) beg the question of why barnacles do not
spend long periods of time with their cirri extended
(Trager et al. 1990). One possible explanation is that
cirral beating behavior balances the costs and bene-
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Fig. 7. Predicted patterns of Artemia cyst capture by Balanus
glandula over a range of water velocities and temperatures
showing (A) maximum capture rate for cylindrical cirrus
without behavior, and (B) maximum capture rate of cirrus
 incorporating beating behavior. This model for direct inter-
ception (FR) was adapted from Rubenstein & Koehl (1977),
Shimeta & Jumars (1991) and Humphries (2009) (see  ‘Results: 

Model predictions’ for details)
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fits of exposing cirri to predators in the water column.
In Balanus glandula, periods of cirral withdrawal
increase in response to the presence of predators
(Palmer et al. 1982). Barnacles also spend less time
hiding from predators when starved (Dill & Gillett
1991).

Measured capture efficiencies were in sharp con-
trast to the model predictions (run without ‘behavior’)
of uniform capture rates across all velocities and tem-
peratures. Although direct interception was predicted
to be the most important capture mechanism for all
conditions, it is clear that biophysical analysis alone is
not sufficient to explain patterns of capture efficiency.

Cirral activity rates measured here were higher
compared to barnacles tested in the absence of food
(68 ± 3 vs. 37 ± 2% respectively; Nishizaki & Car -
rington 2014). At low velocities, barnacles typically
 displayed extended beating behavior, whereas at
higher velocities, barnacles showed abbreviated bea -
ting (Fig. 4). The switch from extended to abbreviated
behaviors in our study typically occurred at lower ve-
locities (20 to 30 cm s−1) compared to barnacles tested
without food (40 cm s−1; Nishizaki & Carrington
2014). The difference between these 2 observations
may be related to the increased risks of mechanical
damage in the feeding experiment from a fast moving
fluid filled with cysts. Indeed, fed barnacles may sim-
ply be less motivated to expose their cirri to potential
danger in high flows (Dill & Gillett 1991).

Slow beating rates were observed at 5°C, but were
similar across all other temperatures from 10 to 25°C.
This is in contrast to other barnacle species such
as Semibalanus balanoides and Balanus amphitrite,
which display clear thermal optima in beating rate at
15 to 20°C and 30 to 37°C respectively (Southward
1955a, Anderson & Southward 1987, Sanford et al.
1994).

Barnacles in our experiments rarely displayed the
passive feeding behavior that has been reported for
related species such as S. balanoides (Trager et al.
1990). This is consistent with results that show pas-
sive beating behavior is observed in small barnacles,
but largely absent in larger individuals (Geierman &
Emlet 2009).

This study also confirms a disparity between the
percentage of barnacles actively beating their cirri
(68 ± 3%) and the percentage with food in their gut
(22 ± 3%), suggesting that beating activity is not a
reliable predictor of feeding activity (Fig. 6C).
Indeed, barnacles in our experiments often appeared
to sweep cysts towards and then away from their
mouths (M. T. Nishizaki pers. obs.), which likely con-
tributed to the low capture efficiencies measured

(Fig. 3D). These patterns are similar to those meas-
ured in sea anemones and suspension feeding fish,
where high particle encounter rates are accompa-
nied by relatively low capture and retention rates
(Robinson et al. 2013). In barnacles, estimates of
feeding rates generally lack direct measures of in -
gestion and instead rely on behavioral proxies (Pul -
len & Labarbera 1991, Sanford et al. 1994,  Bert ness et
al. 1998). Our results strongly advocate for the use of
direct measures of feeding over indirect methods.

Overall, these results demonstrate that barnacle
feeding is influenced by the 2 environmental factors
temperature and flow. Changes in water flow me diate
the physical delivery of cysts from the water column to
the barnacle. In contrast, temperature has little effect
on the physical encounter rate with cysts, and its in-
fluence on feeding is presumably a consequence of
physiological and behavioral changes. These results
suggest that environmental uncertainty in water tem-
perature and velocity may have consequences for
barnacle feeding ecology and energy acquisition.
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Fig. A1. Orientation of barnacles on plates used in feeding
experiments. White cones: 20 barnacles used to measure
capture rate; gray cones: additional barnacles placed to min-
imize the effects of leading and trailing edges (not included 

in analysis). Arrow: primary direction of water flow

Table A1. Results of linear regression analysis on the effect 
of downstream position on cyst capture rate in barnacles

Temperature      Velocity       N              R2                 p
(°C)                      (cm s−1)

5                                1             20          0.0820          0.221
5                               7.5           20          0.1511          0.090
5                               12            20          0.0030          0.819
5                               20            20          0.0100          0.676
5                               30            20          0.0144          0.615
5                               40            20          0.0777          0.234
5                               60            20          0.0163          0.591
10                              1             20          0.0400          0.400
10                             7.5           20          0.0211          0.542
10                             12            20          0.0029          0.818
10                             20            20          0.0883          0.203
10                             30            20          0.0013          0.882
10                             40            20          0.0065          0.736
10                             60            20          0.0820          0.221
15                              1             20          0.0008          0.908
15                             7.5           20          0.0935          0.190
15                             12            20          0.0626          0.288
15                             20            20          0.0113          0.656
15                             30            20          0.0117          0.649
15                             40            20          0.0719          0.253
15                             60            20          0.0662          0.273
20                              1             20          0.0143          0.615
20                             7.5           20          0.0397          0.400
20                             12            20          0.0017          0.863
20                             20            20          0.0010          0.894
20                             30            20          0.0839          0.215
20                             40            20          0.0563          0.314
20                             60            20          0.0016          0.867
25                              1             20          0.0820          0.221
25                             7.5           20          0.0560          0.315
25                             12            20          0.0792          0.229
25                             20            20          0.0075          0.716
25                             30            20          0.0400          0.399
25                             40            20          0.0466          0.361
25                             60            20          0.1443          0.099

Appendix. Additional data on cyst capture rate in barnacles and on experimental design

Editorial responsibility: Roger Hughes, 
Bangor, UK

Submitted: December 30, 2013; Accepted: April 30, 2014
Proofs received from author(s): July 6, 2014

http://dx.doi.org/10.4319/lo.1982.27.1.0091
http://dx.doi.org/10.3354/meps187191
http://dx.doi.org/10.2307/3534286
http://dx.doi.org/10.1007/BF00349685
http://dx.doi.org/10.1007/BF01344277
http://dx.doi.org/10.1093/icb/ict086
http://dx.doi.org/10.1073/pnas.1003599107
http://dx.doi.org/10.1007/s10152-010-0236-x

	cite28: 
	cite56: 
	cite14: 
	cite42: 
	cite3: 
	cite55: 
	cite13: 
	cite41: 
	cite26: 
	cite54: 
	cite40: 
	cite25: 
	cite53: 
	cite38: 
	cite66: 
	cite11: 
	cite52: 
	cite37: 
	cite8: 
	cite23: 
	cite51: 
	cite36: 
	cite64: 
	cite6: 
	cite49: 
	cite22: 
	cite50: 
	cite35: 
	cite4: 
	cite48: 
	cite63: 
	cite21: 
	cite34: 
	cite19: 
	cite47: 
	cite62: 
	cite18: 
	cite61: 
	cite59: 
	cite32: 
	cite17: 
	cite45: 
	cite31: 
	cite16: 
	cite9: 
	cite57: 
	cite7: 
	cite30: 
	cite15: 


