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ABSTRACT: Variability in motility of planktonic larval marine benthic invertebrates with environ-
mental conditions can affect the dispersal and survival of individuals by its influence on encoun-
ters with food and predators, horizontal transport, and settlement. We quantified the swimming
speed and directional persistence, expressed as a persistence time and persistence length (i.e. run
duration, and run length of a random walker), of nauplii and cyprids of the acorn barnacle Semi-
balanus balanoides over a temperature range of 0 to 12°C. We fit persistence time and length
parameters in a correlated random walk model to displacement data obtained from video-record-
ings in 2D (horizontal and vertical dimensions). Nauplii (stages 2 and 6) were generally character-
ized by lower swimming speeds (nauplii: 0.98 to 2.54 mm s−1; cyprids: 2.56 to 3.19 mm s−1), higher
persistence times (nauplii: 1.18 to 5.49 s; cyprids: 0.29 to 0.92 s), and higher persistence lengths
(nauplii: 1.52 to 11.12 mm; cyprids: 0.96 to 2.80 mm). Significant correlations be tween temperature
and persistence length resulted from the effect of temperature on swimming speed for stage 6
nauplii and persistence time for cyprids. Analyses indicated directional bias of each swimming
metric in the vertical dimension. Although the correlated random walk model is an idealized
model of animal movement, we suggest that the quantification of directional persistence of larval
marine benthic invertebrates can provide new insight into the evolutionary trade-offs associated
with feeding and non-feeding life history strategies.
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INTRODUCTION

Planktonic larvae of marine benthic invertebrates
swim by movement of cilia or specialized appendages
(Chia et al. 1984). Larvae must swim to remain sus-
pended in the water column, ingest food, avoid preda-
tion, and find suitable substrate for settlement. These
factors affect larval survival, transport, and ultimately
population connectivity (Metaxas & Saunders 2009).

It is well established that animal behaviour often re-
flects a trade-off between searching for food or mates
and avoiding predators (Lima & Dill 1990). Models of
the rates of random search and encounter facilitate
the development of hypotheses regarding (1) the se-
lective pressures of ingesting food and avoiding pred-
ators on motility traits (e.g. Visser & Kiørboe 2006),

and (2) the consequence of these traits on the fitness
of organisms (Visser 2007) and dynamics of plankton
communities (Gerritsen & Strickler 1977, Litch man et
al. 2013). Zooplankton may increase their rate of ran-
dom search for food by increasing their diffusivity at a
cost of increasing the probability of swimming into a
predator (Visser & Kiørboe 2006).

Swimming speed and diffusivity are 2 examples of
motility traits in models that predict the rate of ran-
dom search and encounter assuming ballistic move-
ment (i.e. the magnitude of displacement is pro -
portional to time) and diffusive movement (i.e. the
magnitude of displacement is proportional to time0.5),
respectively (Kiørboe 2011). Directional persistence
(i.e. the tendency of a random walker to maintain
direction of travel) is an additional trait that bridges
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the gap between ballistic and diffusive movement.
In movement models known as ‘correlated random
walk’ (CRW, see Codling et al. 2008), directional
 persistence is expressed as a correlation in direction
between adjacent discrete movements, which can be
used to derive a ‘persistence time’ (Taylor 1922). The
persistence time is inversely related to the rate of
change of direction of travel (Taylor 1922, Dunn 1983),
and the corresponding ‘persistence length’ is the
product of the swimming speed and persistence time.

The persistence length influences predation risk, as
higher persistence lengths result in a higher probabil-
ity of encountering a predator (Visser & Kiørboe 2006,
Sorochan et al. 2017). Studies that quantify swimming
metrics that influence predation risk can provide new
insights into classic concepts in larval ecology. For ex-
ample, planktotrophy is often associated with a high
reproductive output and low parental investment of
energy per offspring, at the cost of an extended larval
duration over which integrated losses to mortality are
potentially significant (Strathmann 1985). An addi-
tional cost may be that planktotrophic larvae are in-
herently more vulnerable to encounters with predators
due to their requirement to search for food.

Both the directional persistence and swimming
speed determine the diffusivity of a random walker
and therefore influence the rate of search for food and
the distribution of organisms. Planktonic ciliates and
dinoflagellates have been shown to decrease their di-
rectional persistance (i.e. decrease swimming speed
and increase rate of turning) in response to favorable
environmental conditions, such as a patch of food,
which results in the aggregation of individuals in
space (e.g. Buskey & Stoecker 1988, Menden-Deuer
& Grünbaum 2006). Although this behaviour reduces
the diffusivity of grazers and their rate of search for
food, it can actually enhance their growth rate be-
cause foraging occurs at a relatively high concentra-
tion of prey (Menden-Deuer & Grünbaum 2006).

In this study, we quantified the variability in swim-
ming speed, persistence time, and persistence length
of larvae of the acorn barnacle Semibalanus bala no -
ides over a range of temperatures experienced dur-
ing their larval duration in the Northwest Atlantic.
The larvae progress through 6 naupliar stages and a
cypris stage (Crisp 1962) over a period of several
weeks (Bousfield 1954). Swimming serves several
important functions for larval barnacles. In the nau-
pliar stages, feeding is dependent on swimming
because nauplii use their appendages to swim and
collect food simultaneously (Walker et al. 1987,
Anderson 1994). Swimming in the vertical dimension
can indirectly affect horizontal advection of both

nauplii and cyprids by ocean currents (e.g. Bous-
field 1955, Shanks & Wright 1987) and influence the
vertical distribution of settlers (Grosberg 1982).

We expected that temperature would increase lar-
val swimming speeds as a result of a decrease in the
viscosity of seawater and increase in the rate of bio-
chemical reactions (Larsen & Riisgård 2009), and
therefore increase persistence length. Nauplii feed
by action of their swimming appendages, whereas
the cyprids are non-feeding and adapted for settle-
ment (Walker et al. 1987). The nauplii must feed to
build energy reserves that are required for the settle-
ment and metamorphosis of the cypris stage (Lucas et
al. 1979); therefore, we expected their persistence
length to be higher than that of cyprids.

METHODS

Adult collection and larval rearing

We collected individuals of adult Semibalanus bal -
a   noides from the Northwest Arm, Halifax, Nova Sco-
tia, Canada, in winter 2014 and 2015 (Table 1), trans-
ported them to the Dalhousie University Aquatron
facility, and held them in continuously flowing sea-
water at ambient temperature which ranged from 2
to 4°C. After 1 to 2 d, we induced release of larval
barnacles by feeding adults diatoms (Thalassiosira
weissflogii) in a closed container for 3 to 4 h; over this
time period, we allowed the temperature to rise from
ambient to 12°C. Immediately after larval release, we
transferred the larvae into 4 l glass culture jars con-
taining 3 l of 1-μm filtered seawater at 6°C and main-
tained larvae in culture until the second nauplius
(N2), sixth nauplius (70−90% of sixth stage individu-
als, N6), or cypris stage was reached for experimen-
tation. We replenished seawater and algal food (3 to
1 mixture of T. weissflogii and Isochrysis sp. at a com-
bined concentration of 105 cells ml−1) every other day.

Experimental set-up and design

We video-recorded 2D larval swimming trajecto-
ries (in horizontal, x, and vertical, z, dimensions) with
a Nikon D5100 digital camera (frame rate: 30 fps) ori-
ented perpendicular to a 10 × 10 × 10 cm arena in a
plexiglass column, in which we added 1 l of 1-μm
 filtered seawater and larvae at a concentration of
0.5 to 0.7 individuals ml−1. Because swimming behav-
iour of larval barnacles is sensitive to light (Crisp &
Ritz 1973), we did the experiments in darkness with
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an infrared illumination source (wavelength: 850 nm)
positioned on the side of the column opposite to that
of the camera.

We video-recorded larvae swimming at 0, 3, 6, 9,
and 12°C (±1°C) in separate experiments for each
stage (Table 1). These temperatures represent the
thermal range experienced by larval S. balanoides in
the Northwest Atlantic (Pineda et al. 2002, Sorochan
& Metaxas 2015). In each experiment, we obtained 3
to 5 video-recordings per temperature. Prior to cap-
turing videos, we placed the larvae in 4-l jars con-
taining 1 l of 1-μm filtered seawater, and immersed
the jars in flowing seawater at a temperature corre-
sponding to each treatment. We staggered the time
over which groups of 4 to 5 jars with randomly
assigned temperatures were transferred into their
corresponding tanks, resulting in an acclimation
period that ranged from 4 to 14 h (Table 1).

To obtain a video-recording, we transferred larvae
from a jar into the column, waited 2 min to allow tur-
bulence to dissipate and larvae to adjust to the new
vessel, and recorded larval trajectories for 5 min.
After each video-recording, we preserved larvae in
95% ethanol for identification of larval stages, and
thoroughly rinsed the column. All observations from
all temperatures were completed over 10 to 12 h. To
prevent warming of the seawater during each obser-
vation, we ran seawater at the corresponding tem-
perature treatment through a water jacket around
the exterior of the column. The coldest seawater
available to run through the water jacket was 3°C;
therefore, this temperature was used in the water
jacket for the 0°C treatment. The seawater tempera-
ture warmed by up to 1°C for all temperature treat-
ments, except for the 0°C treatment, which warmed
to 2°C. We estimated the actual temperature experi-
enced by the larvae as the average of the initial and
final temperatures.

Data collection

We extracted images at 0.25 s inter-
vals from each video and converted
each image into a binary format such
that each larva in an image was repre-
sented as a group of white pixels on a
black background. We used particle-
tracking software (Blair & Dufresne
2008) to determine larval coordinates
(x, z) from the centroid of each pixel
group and to identify paths based on
the location of larval positions between

successive frames. The raw data were processed
manually to remove artificial paths caused by sinking
aggregates of algae or molts that were introduced
when larvae were transferred to the container in
which they were acclimated. We also manually
annealed path segments (separated by a time inter-
val <1 s) that were assigned different paths by the
tracking algorithm but belonged to the same larva.
This occurred when larvae moved in and out of focus.
To convert pixels to travel distances, we measured
the number of pixels corresponding to a distance of 1
cm from an image of a ruler immersed in the column
in the plane of focus using Image J software.

We used a path duration of 6 s to maximize the
number of paths that could be analyzed from each
video (Fig. 1). For each path, we estimated the mean
swimming speed, s̄, and maximum swimming speed,
smax (Table 2). These variables were then averaged
over all paths to obtain a single estimate from each
video-recording. The value of s̄¯¯¯¯max was evaluated in
addition to s̄ because the effect of temperature on the
former is sometimes greater than on the latter (e.g.
Moison et al. 2012). Both swimming speed metrics
were quantified in the xz plane as well as the x and z
dimensions. We also measured the mean ratio of net
displacement to gross distance travelled, NGDR,
after 6 s in the vertical and horizontal dimension to
determine if larval trajectories were biased in direc-
tion of travel within each video recording.      

We quantified swimming metrics from 2D projec-
tions (in the xz plane) of 3D trajectories. Our results
are therefore comparable to those from other studies
that have quantified swimming speeds and direc-
tional persistence from trajectories of plankton col-
lected in 2D (Kiørboe et al. 2004, Kiørboe & Bagøien
2005, Visser & Kiørboe 2006). It is well-documented
that swimming speeds are underestimated when
derived from observations in 2D (Kiørboe & Bagøien
2005; Dur et al. 2011). We also suspect that our ob -
servations in 2D were biased towards slow and con-
voluted movement (resulting in underestimates of
swimming speed and persistence time and length),
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Stage           Date of adult     Culture duration   Acclimation   Observation
                       collection            to stage (d)          period (h)       period (h)

N2              12 March 2014                1                       4−7                   10
N6           17 February 2014             15                     6−14                  12
Cypris         9 March 2015                19                     7−10                  10

Table 1. Methodological details regarding the collection of adult Semibal-
anus balanoides, larval culture, and experimentation. A separate experiment
was conducted for each stage using larvae from a different set of adults
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as rapid and sustained movement in the y dimension
(which was not observed) would result in larvae
quickly moving out of the plane of focus.

Despite these problems, we are confident that
there was no interaction between the biases associ-
ated with 2D measurements and the potential effect
of temperature on our metrics of larval motility. This
would occur if there was an interaction between tem-
perature and directional bias in swimming metrics in
the horizontal (i.e. xy) plane. It is unlikely that the
direction of travel was biased in the horizontal plane,
where environmental conditions were uniform. We
believe zooplankon are more likely to exhibit tem-
perature-dependent directional biases in the vertical
dimension due to potential interacting effects of tem-
perature and pressure on swimming behaviour.

Estimation of directional persistence 
from random walk

We used a CRW model to estimate the persistence
time, τ, and persistence length, λ = τs, where s is
the swimming speed (Table 2). CRW assumes larvae
move at constant s, and the direction of travel is glob-
ally unbiased, but correlated at small time scales be -
tween successive movements (Taylor 1922, Codling
et al. 2008). We estimated these metrics from larval
movements in the xz plane. Separate analyses in the
x and z dimensions evaluated potential directional
bias in movement (e.g. Schuech & Menden-Deuer
2014).

The root mean squared distance traveled, l, of a
correlated random walker is expressed in terms of s,
τ, and time, t, as:

(1)

Eq. (1) was derived by Taylor (1922)
in 1D and by Dunn (1983) in 2D. Esti-
mates of τ and s can be ob tained by
fitting the parameters in Eq. (1) using
non-linear regression (Dunn 1983).
This method has been used to char-
acterize the motility of other plank-
tonic organisms (e.g. Kiørboe &
Bagøien 2005, Visser & Kiørboe 2006,
Schuech & Menden-Deuer 2014).

Eq. (1) can be expressed in terms
of the ratio of the root mean squared
distance travelled to the gross dis-
tance travelled, l/L:
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Fig. 1. The distribution of the number of larval swimming
paths sampled per video-recording for (A) second nau-
plius, 8 ≤ n ≤ 87; (B) sixth nauplius, 10 ≤ n ≤ 98; and (C) 

cypris, 20 ≤ n ≤ 124

Symbol           Definition                           Dimensions                    Method

t                       Time                                         Time                               −
Δt                    Time interval                           Time                               −
smax                 Maximum speed             Length time−1                           Direct
l                       Net distance                          Length                         Direct
L                      Gross distance                      Length                         Direct
τ                      Persistence time                      Time                    Random walk
λ                      Persistence length                 Length                   Random walk
s                      Speed                               Length time−1                             Direct

Table 2. Symbols used and their corresponding definitions, dimensions, and
methods of quantification, if applicable. Swimming metrics were quantified ei-
ther directly from larval paths or from fitting parameters to the random walk 

model (Eq. 3)
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(2)

where ζ = τ/t = λ/L, and L = st. Because s was not con-
stant in our data, we approximated L by computing
the mean integrated distance travelled at each t. In
preliminary analyses, we found that fitting τ to both
Eqs. (1) & (2) produced similar results, but there was
less variability when τ was fit to Eq. (2). Therefore,
we estimated τ and λ separately by fitting these
parameters to Eq. (2).

Statistical analysis

We used the Spearman rank correlation coeffi-
cient, ρ, to evaluate the relationship between temper-
ature and each of the swimming metrics s̄, s̄¯¯¯¯max, τ,
and λ quantified from xz plane. Separate analyses
were conducted for each stage. For s̄ and s̄¯¯¯¯max, we
tested the null hypothesis that ρ ≤ 0, and for all other
metrics we tested the null hypothesis that ρ = 0. The
significance of ρ was determined using critical values
obtained from Zar (1999).

We used sign tests and Spearman correlations to
test for bias in motility in the x and z direction and the
interaction between directional bias and temperature,
respectively. Specifically, we used the sign test to
evaluate the null hypothesis of no difference between
z and x components of each swimming metric (s̄, s̄¯¯¯¯max,
τ, and λ), and used Spearman correlations to evaluate
the relationship between τz – τx (and λz – λx) and tem-
perature, with the null hypothesis that ρ = 0. Both tests
were also conducted on the NGDR in the horizontal
and vertical dimensions to test the null hypotheses of
no difference in the direction of travel after 6 s and
that ρ = 0.

The number of larval paths used to quantify swim-
ming metrics varied substantially among video-re -

cordings in each experiment (Fig. 1). To evaluate the
potential effect of this additional source of variability
on stage-specific relationships between each swim-
ming metric and temperature, we carried out sepa-
rate correlation analyses using 100 subsets of ran-
domly sampled paths within each video-recording.
The number of paths in each subset was the mini-
mum number of paths observed among all videos for
each stage (n = 8, 10, and 20 paths per subset for the
N2, N6, and cypris stages, respectively). All analyses
were conducted using R v 3.3.1.

RESULTS

The paths of nauplii were characterized by arcs or
meandering loops, whereas those of cyprids were
often characterized by convoluted zig-zags resulting
from periods of forward movement and passive sink-
ing (Fig. 2). Cyprids generally exhibited lower values
of l/L than nauplii, especially in the vertical dimen-
sion (Fig. 3). Values of l/L often deviated from the
expectation of CRW over the transition from ballistic
to diffusive movement. As τ/t decreased, l/L con-
verged on the expectation from CRW and diffusion
(Fig. 3). We have not shown the relationship between
l/L and λ/L as it was similar to that of l/L and τ/t. See
Figs. S1 to S3 in the Supplement at www. int-res. com/
articles/ suppl/  m579 p055 _ supp. pdf for curve fits to
Eq. 2 (for τxz) for each video-recording.

Correlation analyses on movement data in the xz
plane using all available paths from each video-
recording indicated that both τ and λ of the cypris
stage were significantly negatively correlated with
temperature (Fig. 4, Table 3). A significant negative
correlation between τ and temperature was detected
for N2, whereas a significant positive correlation be-
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Fig. 2. Examples of swimming paths of the (A) second nauplius and (B) sixth nauplius and (C) cypris stages over 6 s. Tick marks 
on the x- and z-axes (horizontal and vertical axes) correspond to increments of 4 mm
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tween λ and temperature was detected for N6 (Fig. 4,
Table 3). Significant positive correlations be tween s̄
and temperature were only detected for nauplii; how-
ever s̄¯¯¯¯max and temperature were significantly posi-
tively correlated for all larval stages (Fig. 5, Table 3).

Sign tests indicated a significant difference in the
magnitude of each swimming metric between the
vertical (z) and horizontal (x) dimensions, except for
persistence time for cyprids and maximum swim-
ming speed for N6 (Figs. 4 & 5, Table 4). Significant
positive correlations between τz − τx and λz − λx and
temperature were detected for N6 (Fig. 4, Table 4). A
significant negative correlation between NGDRz and
temperature was detected for cyprid larvae. There
was no consistent vertical or horizontal directional
bias on NGDR across the range of temperatures for
any stage (Fig. 6, Table 4).   

When significant correlations were detected from
all available paths, mean values of ρ from path subsets
were usually lower and were only significant for s̄ and
s̄¯¯¯¯max (Tables 3 & 4, Figs. S4 & S5 in the Supplement).

Evaluation of the potential effect of sample size on τz −
τx and λz − λx was not possible because the non-linear
regression failed to fit curves to data from all random
subsets at low sample sizes in the x and z dimensions.

DISCUSSION

Swimming speed in 2D

The range of the mean swimming speeds of nauplii
(both N2 and N6) of Semibalanus balanoides was
consistent with that of the second nauplius of Amphi -
balanus improvisus (~1 to 2.5 mm s−1) ob served in 2D
(Lang et al. 1980). The maximum swimming speed of
nauplii that we observed was consistent with the
swimming speed of the nauplii of S. balanoides chal-
lenged with flow (~4 mm s−1, Singarajah 1969). It is
well established that barnacle nauplii are weaker
swimmers than cyprids (Walker et al. 1987, Walker
2004). The exceptional swimming ability of cyprids is
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Fig. 3. Relationship between the ratio of the root mean squared distance to gross distance travelled, l/L, and time, t, is shown in
the upper panels in (A) 2D (xz); (B) the x dimension; and (C) the z dimension. The relationships in (A) to (C) were used to fit the
persistence time, τ, in Eq. (2). The relationships between l/L and τ/t are shown in the corresponding lower panels. In all panels,
each line represents data from a single video-recording of the cypris (Cyp), second nauplius (N2), or sixth nauplius (N6). In the
lower panels, the blue and black lines indicate the expected relationship from diffusion and correlation random walk (CRW) 

models, respectively
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attributed to their 6 thoracic appendages and stream-
lined shape, which generate propulsion and reduce
drag, respectively (Walker et al. 1987). Our observa-
tions of the mean speeds of cyprids were also consis-
tent with reports of movement (sinking and swim-
ming) of S. balanoides in still water wherein the
majority of individuals travelled at speeds well below
10 mm s−1 (DiBacco et al. 2011). Although averaged
maximum swimming speeds of cyprids were the
highest observed in our study, they do not represent
the true swimming ability, as cyprids of S. balanoides
can swim at speeds >70 mm s−1 (DiBacco et al. 2011).

Temperature can affect the swimming speed of
zooplankton by its influence on the physiology of
organisms and viscosity of seawater, and both the
biological and physical effects of temperature can
be substantial (Larsen & Riisgård 2009). Yule (1984)
demonstrated that the swimming activity (i.e. beat
frequency) of the swimming appendages of nauplii of
S. balanoides increased with temperature up to 25°C.
Swimming speed has been shown to increase with
temperature for many different zooplankton taxa, in -
cluding the larvae of sea urchins (Podolsky & Emlet
1993), bivalves (Hidu & Haskin 1978), and deca -
pods (Sul kin et al. 1980), as well as adult copepods,
(Larsen et al. 2008, Moison et al. 2012, Svetlichny et
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tween temperature and
(A) persistence time in
2D, τxz; (B) the difference
between estimates of τ in
the z and x dimension, τz –
τx; (C) persistence length
in 2D, λxz; and (D) the dif-
ference between esti-
mates of λ in the z and x
dimensions, λz − λx. The
size of each point is
 proportional to the ratio
of the number of larval
swimming paths used to
estimate the metric of in-
terest to the maximum
number of paths observed
within each stage. N2 sec-
ond nauplius; N6: sixth 

nauplius; Cyp: cypris

Metric         Larval stage           ρ all paths            ρ̄ subset

s̄xz                        N2                      0.577                0.484
                           N6                      0.841                0.827
                        Cypris                   0.341                0.207
                                                                                       
s̄¯¯¯¯maxxy                   N2                      0.612                0.507
                           N6                      0.746                0.742
                        Cypris                   0.708                0.533
                                                                                       
τxz                                   N2                      −0.517                −0.442
                           N6                      −0.164                −0.090
                        Cypris                   −0.606                −0.365
                                                                                       
λxz                                  N2                      −0.181                −0.226
                           N6                      0.533                0.367
                        Cypris                   −0.526                −0.327

Table 3. Spearman rank correlation coefficients, ρ, from rela-
tionships between swimming metrics (see Table 2) and tem-
perature. Values of ρ are reported from relationships in
which all paths were used, and mean values of ρ are reported
from relationships of 100 path subsets (see Fig. S4 in the
 Supplement at www. int-res. com/ articles/ suppl/  m579 p055 _
supp. pdf). Cases in which |ρ| > |ρcritical| at α = 0.05 are indi-
cated in bold. Critical values, |ρcritical|, for 1-sided tests for the
second nauplius (N2) and cypris (n = 18), and the sixth nau-
plius (N6; n = 20), were 0.401 and 0.380, respectively. Corre-
sponding values of |ρcritical| for 2-sided tests were 0.472 and 

0.447, respectively

https://www.int-res.com/articles/suppl/m579p055_supp.pdf
https://www.int-res.com/articles/suppl/m579p055_supp.pdf
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al. 2017) and amphipods (Lindström & Fortelius
2001).

Cyprids were able to compensate for temperature
effects to maintain a constant mean swimming speed
over the experimental range of temperatures. The
absence of an effect of temperature on mean swim-
ming speed has been observed in other crustaceans
with strong swimming ability, including Daphnia sp.
(~7 mm s−1, Gorski & Dodson 1996) and several spe-
cies of copepods (~10 mm s−1, Hirche 1987). We ex -
pect that the effect of temperature on the swimming
speed of cyprids will be largest near the upper limit
of swimming ability. This may in part explain the
slight increase of the maximum swimming speed
with increasing temperature in our study; however, a
true evaluation of swimming ability would require
individuals to be challenged with flow (e.g. DiBacco
et al. 2011).

Directional persistence in the xz plane

The magnitude of persistence lengths of both nau-
plii and cyprids across all temperatures in our study
(median ± IQR of N2, N6, and cypris larvae: 3.7 ±
1.4, 2.8 ± 1.2, 1.8 ± 1.0 mm) was similar to that
reported for copepods (on the order of 1 to 10 mm,
Kiørboe & Bagøien 2005, Visser & Kiørboe 2006,
Bianco et al. 2014). In a survey of plankton, Visser &
Kiørboe (2006) found that the persistence length
(measured in 2D) is roughly 1 order of magnitude
larger than the corresponding equivalent spherical
diameter (ESD). We do not have estimates of the
ESD for larval S. balanoides; however, the biovol-
ume of nauplii and cyprids from a different species,
Balanus crenatus, has been estimated at ~0.1 mm3

(Matsuno et al. 2012), with an equivalent spherical
diameter (ESD) of ~0.6 mm. Assuming B. crenatus
and S. balanoides have similar biovolumes, the ratio
of the median persistence length and ESD is consis-
tent with the relationship described by Visser &
Kiørboe (2006).

The persistence length is the product of the persist-
ence time and swimming speed (i.e. λ = τs). Correla-
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tions that we observed between persistence length of
larval barnacles and temperature resulted from a dif-
ferent mechanism in each larval stage. With respect
to N2, the persistence length was not correlated with
temperature due to an offset between increasing
swimming speed and decreasing persistence time
with increasing temperature. In contrast, the persist-
ence length of the N6 stage was positively correlated
with temperature due to an increase in swimming
speed and no change in persistence time with tem-
perature. Finally, the persistence length of the cypris
stage was negatively correlated with temperature
due to a de crease in persistence time and no change
in swimming speed with temperature.

Ontogenetic variability in swimming behaviour is
suspected to contribute to the variability in the verti-
cal distribution of larval stages of crustaceans ob -
served in the field (e.g. Bousfield 1955, Queiroga &
Blanton 2004). Temperature has been shown to play
an important role in the stage-specific vertical distri-
bution of larvae in laboratory experiments (Ouellet &
Allard 2006; Daigle & Metaxas 2011, 2012). We did
not evaluate the effect of temperature on the vertical
distribution of individuals; however, our results indi-
cate that cyprids lower their rate of spreading (i.e.
diffusivity ∝ s2τ) with increasing temperature by de -
creasing their persistence time and maintaining a
constant swimming speed. Decreasing directional
persistence in movement is generally considered to
be a response to remain within a favorable habitat
(Buskey & Stoecker 1988, Menden-Deuer & Grün-
baum 2006, Bianco et al. 2014). This is consistent
with the fact that cyprids of S. balanoides have been
observed to be concentrated near the (poten ti -
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Metric            Larval      ρ all          ρ̄     Successes,    p
                        stage      paths     subset       trials

s̄z – s̄x                  N2       0.298    0.205      16, 18     <0.01
                          N6       0.410    0.306      15, 20       0.04
                       Cypris    −0.363    −0.264      18, 18     <0.01

s̄¯¯¯¯maxz – s̄¯¯¯¯maxx      N2       0.189    0.126      15, 18     <0.01
                          N6       0.326    0.252      11, 20       0.82
                       Cypris    −0.276    −0.219      18, 18     <0.01

τz – τx                 N2       −0.226        −          18, 18     <0.01
                          N6       0.598        −              −             −
                       Cypris    0.115        −           5, 18        0.10

λz – λx               N2       −0.065        −          17, 18     <0.01
                          N6       0.699        −              −             -
                       Cypris    −0.010        −          14, 18       0.03

NGDRx                     N2       −0.181    −0.109       5, 18        0.10
                          N6       −0.233    −0.173       6, 20        0.12
                       Cypris    −0.085    −0.084       9, 18        1.00

NGDRz                     N2       −0.098    −0.101      12, 18       0.23
                          N6       −0.168    −0.135       9, 20        0.82
                       Cypris    −0.533    −0.418          −             −

Table 4. Results from Spearman rank correlations and sign
tests (shaded), used to evaluate directional bias in move-
ment, and the interaction between directional bias and
 temperature, respectively. Values of ρ are reported from re-
lationships in which all paths were used, and mean values of
ρ are reported from relationships of 100 path subsets (See
Fig. S5 in the Supplement). Cases in which |ρ| > |ρcritical| at α =
0.05 are indicated in bold. Critical values, |ρcritical| for the sec-
ond nauplius (N2) and cypris (n = 18), and the sixth nauplius
(N6; n = 20), were 0.472 and 0.447, respectively. For the sign
test, a ‘success’ refers to a positive value of the swimming
metric and a ‘trial’ refers to the sample size, n, correspon-

ding to each video-recording
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NGDRx and (B) the same ratio in the z dimension, NGDRz. The size of each point is proportional to the ratio of the number of lar-
val swimming paths used to estimate the metric of interest to the maximum number of paths observed within each stage



Mar Ecol Prog Ser 579: 55–66, 201764

ally warmer) surface, which has been shown to have
a strong influence on the vertical distribution of set-
tlement in the intertidal zone (Grosberg 1982).

The persistence length influences predation risk,
as the ratio of the persistence length of the prey to
radius of prey detection of an ambush feeding preda-
tor (e.g. chaetognath) determines the efficiency of
the rate of search of the predator (Visser & Kiørboe
2006, Sorochan et al. 2017). We found that nauplii
were generally characterized by higher persistence
times and lower swimming speeds than cy prids,
often resulting in similar persistence lengths among
larval stages. Quantification of the spatial scale of
directional persistence from trajectories character-
ized by swimming and sinking (i.e. cyprids in our
study) may lead to an overestimation of predation
risk, as this swimming pattern has been shown to be
far less ‘risky’ to predation (i.e. encounter with pred-
ator) than looping patterns (Bianco et al. 2014). We,
therefore, suspect that the actual difference in preda-
tion risk between nauplii and cyprids is larger than
that inferred from the persistence lengths measured
in our study. This is consistent with our expectation
that nauplii would exhibit a more ‘risky’ behaviour
than cyprids, as nauplii must search for food at the
cost of increased exposure to predators.

Larval trajectories were approximately ballistic
over a duration of at least 0.25 s as the minimum
value of τ (0.29 s for cy prids at 12°C) was >0.25 s. The
convergence of l/L to that expected from diffusive
movement at small τ/t indicates that the entire transi-
tion from ballistic to diffusive movement occurs over
a period of ≤6 s. This information can be used in
future studies on the swimming behaviour of larval
S. balanoides when deciding on the appropriate time
interval to use between observations and minimum
duration over which the transition from ballistic to
diffusive movement occurs.

Directional bias in swimming speed and
directional persistence

The CRW model (Eqs. 1 & 2) used to estimate per-
sistence time and length assumes isotropic move-
ment. We have shown that this is not the case in our
study, as the magnitude of each swimming metric
was greater in the vertical (z) dimension than the hor-
izontal (x) dimension in almost all instances. This
finding is not surprising, given the potential effects of
gravity and pressure on larval behaviour. Many
planktonic crustaceans swim upward in response to
an increase in hydrostatic pressure, and this behav-

iour is important to depth regulation in the water
 column (Lincoln 1971, Forward 1989). Changes in
hydrostatic pressure have been shown to influence
the phototaxis of nauplii of S. balanoides (Rice 1964),
and the combined effects of light and pressure are
believed to play a major role in the depth regulation
of larval barnacles (Walker et al. 1987).

Temperature has been shown to influence the ver-
tical displacement of the blastula stage of sea urchins
(McDonald 2004) and the vertical distribution of lar-
val marine benthic invertebrates (Ouellet & Allard
2006, Daigle & Metaxas 2011, 2012). Larval decapods
actively seek preferred temperatures by swimming
downward or upward (Forward 1990, Ouellet &
Allard 2006). With respect to N6, the interaction
between directional persistence and temperature
indicates that paths became increasingly bal listic in
the vertical dimension as temperature in  creased.
This behaviour is not consistent with ‘temperature
seeking’ behaviour because no correlation between
NDGRz and temperature was observed. In contrast,
the negative correlation between NGDRz and tem-
perature is consistent with cyprids seeking warmer
surface waters by net upward swimming at cool tem-
peratures. However, a true test of the effect of tem-
perature on larval swimming orientation re quires
temperature variation in space (Walker et al. 1987),
which did not occur in our study.

CONCLUSIONS

Swimming behaviour is an important source of
variability in larval vertical distribution, transport,
and recruitment dynamics. Data on motility traits are
critical to the parameterization of larval movement in
biophysical models that predict larval dispersal or
population connectivity (Fiksen et al. 2007, Metaxas
& Saunders 2009). In addition, motility data can pro-
vide insight into ecological consequences of the evo-
lution of different life history strategies (e.g. plank-
totrophy and lecithotrophy).

We have shown that temperature can influence the
swimming speed and directional persistence of larval
barnacles. We suggest that differences in the swim-
ming behaviour among feeding and non-feeding lar-
vae are at least in part driven by variability in the
selective pressure to find food; however, in the case
of larval barnacles, there are other factors to con-
sider. For example, cyprids also use their motility
to regulate their depth in the water column, which
can influence horizontal transport (Bousfield 1954,
Shanks & Wright 1987, Pineda 1999) and the vertical
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distribution of settled larvae on the shore (Grosberg
1982).

The CRW model that we used assumes isotropic
movement. Our results indicated bias in swimming
speed and directional persistence in the vertical
dimension. Consequently, the swimming behaviour
of larval barnacles in our study caused anisotropic
spreading. In addition, the ability to apply CRW to
actual swimming trajectories is limited because paths
are assumed to be random, and therefore not organ-
ized in repetitive or oscillatory structure, which is
clearly an oversimplification (Bianco et al. 2014). We
therefore caution the use of our data on directional
persistence in the xz plane in models for the predic-
tion of encounter rates or larval distributions. Despite
the limitations of the CRW framework, we encourage
the use of idealized models for the development of
new hypotheses regarding the evolution and ecology
of larval marine benthic invertebrates.
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