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To better understand the hydrodynamic and hydrographic conditions experienced by
larvae in the nearshore (within 1 km of shore), and the role that larval behavior plays
in mediating shoreward transport to adult benthic habitats, we examined the vertical
distribution and concentration of barnacle cyprids in a shallow, nearshore region in
southern California, United States. We collected high-resolution physical measurements
of currents and temperature at 3 stations (8, 5, and 4 m depths), and high-frequency
measurements of barnacle larvae at a 4 m deep station ∼300 m from shore. Larvae
were sampled from distinct 1 m depth intervals between the surface and the bottom (0–
1 m, 1–2 m, 2–3 m, 3 m-bottom), each hour for overnight periods that ranged between
13 to 24 h in five cruises during the summers of 2017 and 2018. Barnacle cyprids of
Chthamalus fissus predominated in all samples. Thermal stratification decreased closer
to shore, but when the nearshore-most station remained stratified (1◦C m−1

≥ 0.1),
C. fissus cyprid concentrations were high to extremely abundant (exceeding 200 and
4,000 individuals m−3, respectively). There were significant positive correlations between
thermal stratification and the log-transformed C. fissus concentration at cruise-to-cruise
scales, and between stratification and vertical variability in the high-frequency cross-
shore currents at 2-day scales. Additionally, estimated larval transport was relatively high
and shoreward when nearshore thermal stratification was greatest. Significant, albeit
small, diel differences in cyprid distributions were also observed, with the proportion
of cyprids increasing near the surface at night, and concentrations greater during the
day than at night. Collectively, these results suggest that thermal stratification increases
larval supply to the nearshore, and may enhance onshore larval transport to augment
chances of successful settlement and recruitment to the intertidal adult habitat.

Keywords: larval vertical distribution, thermocline, larval transport, Chthamalus fissus, diel cycles, nearshore

INTRODUCTION

Most benthic marine organisms settling in the intertidal zone have planktonic larvae that reside
temporarily (days to weeks) in the water column before returning to shore to complete their
life cycle. Therefore, the extent of settlement and recruitment of benthic organisms relies, in
part, on successful larval transport. Larval transport, defined as a flux, or as the mean horizontal
translocation of larvae between points along a specified one-dimensional axis per unit time
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(Pineda and Reyns, 2018), is a critical component of larval
dispersal, defined as the spread of larvae from spawning to
settlement sites (Pineda et al., 2007). Studying the mechanisms
of larval transport is fundamental to conserve marine
species, manage fisheries, improve modeling of population
dynamics (Cowen and Sponaugle, 2009), and understand
population connectivity.

The physical processes and biological mechanisms driving
coastal larval transport have been extensively studied, and yet
remain poorly understood in the nearshore (here defined as
within 1 km from shore but excluding the surfzone; reviewed
in Pineda and Reyns, 2018). This is partly because studies on
intertidal species suggest that larval transport and dispersal can
be episodic, and occur at smaller spatial scales than previously
anticipated, with larvae often remaining within the nearshore
close to settlement sites (Shanks et al., 2003; Tapia and Pineda,
2007; Morgan et al., 2009; Shanks and Shearman, 2009; Hagerty
et al., 2018). The generally poor horizontal swimming capabilities
of larvae (Chia et al., 1984) make them susceptible to being
swept away due to the advective nature of the nearshore
(Lentz and Fewings, 2012). However, ontogenetic changes in
larval swimming efficiency (Wong et al., 2020) and larval
behavioral responses may regulate dispersal and improve chances
of returning to a settling site. These behaviors include altering
vertical distribution through buoyancy control and vertical
swimming (Daigle and Metaxas, 2011; DiBacco et al., 2011) that
allow larvae to exploit vertically sheared flows and ultimately
control horizontal transport (e.g., Thièbaut et al., 1992; Weidberg
et al., 2019; Guillam et al., 2020). Moreover, larvae of benthic
organisms also exhibit diel vertical distribution patterns (dos
Santos et al., 2008; Bonicelli et al., 2016; Guillam et al., 2020),
allowing them to evade visual predators during the day or
reducing energy consumption by remaining in colder waters (e.g.,
Zaret and Suffern, 1976; Forward and Rittschof, 2000). Thus,
the extent to which larvae can exploit onshore flow by altering
their vertical position in the nearshore may have profound
consequences on successful recruitment of benthic populations
and should be characterized at fine temporal resolutions to be
better understood.

The degree to which larvae regulate transport in the
nearshore is complicated because hydrodynamic conditions can
be unpredictable and are highly variable (Winant and Bratkovich,
1981; Bonicelli et al., 2016; Morgan et al., 2018). Physical
processes in shallow coastal waters are affected by topographic
features (e.g., Lerczak et al., 2003), surface and internal tides
(e.g., Weidberg et al., 2019), wind-driven processes (e.g., Griffin
and Middleton, 1992), surface gravity waves (e.g., Kumar and
Feddersen, 2017), and other meso- and large-scale physical
processes (e.g., Pineda et al., 2018) that impact the water column
from scales of seconds to days to years, all of which have
implications on larval transport and dispersal (Pineda et al.,
2007). Recent findings in southern California indicate that
increases in thermal stratification within the nearshore results
in larval accumulation closer to shore, in a region just seaward
of the surfzone (Hagerty et al., 2018). It is possible that higher
stratification promotes the development of fronts, internal tidal
bores, or other internal motions that aid onshore larval transport

(Pineda, 1999; Shanks et al., 2003; Weidberg et al., 2019). For
example, in shallow waters, these internal motions tend to result
from tidal flows interacting with bathymetric features and can
propagate toward shore along the thermocline (e.g., Winant and
Olson, 1976). Furthermore, higher stratification correlates with
vertical variability in two-way cross-shore flows (e.g., Winant
and Bratkovich, 1981), potentially enhancing larval behavioral
control of cross-shore transport (Hagerty et al., 2018), and
promoting settlement. Moreover, stratification can also act as a
barrier to vertical larval distribution, as some species maintain
bottom distributions (sea scallops: Daigle and Metaxas, 2011), or
remain below the thermocline (gastropod, bivalve and polychaete
larvae: Lloyd et al., 2012) in stratified conditions. A number of
studies have also documented the association of fish larvae and
other zooplankton with the depth of the thermocline (e.g., Haney,
1988; Gray and Kingsford, 2003), suggesting that larvae exhibit
behaviors and respond to water-column dynamics.

For barnacles in central Chile, vertical distribution in relation
to the pycnocline depth varies by species and by larval stage,
over several months (Bonicelli et al., 2016), but it is unclear how
such distribution and abundance responds to high-frequency
(<24 h), in addition to the monthly, variations in stratification.
Understanding how larval distribution varies in response to
stratification is particularly relevant in the nearshore, where
internal waves and diurnal heating can drive changes to the water
column stratification on daily, hourly, and shorter time scales
(e.g., Winant, 1974; Sinnett et al., 2018; Grimes et al., 2020a).
Barnacles have a typical marine invertebrate lifecycle, the early
and final larval stages are easily distinguished, are very abundant,
and knowledge about the vertical migration of their larvae can
help to understand larval transport of other benthic species with
pelagic larvae. In temperate eastern Pacific coastlines, barnacles
tend to have six naupliar stages that develop offshore, and a
final non-feeding cyprid larval stage which transports through
the nearshore to reach intertidal juvenile and adult settlement
habitats (Tapia and Pineda, 2007; Bonicelli et al., 2016; Hagerty
et al., 2018). Barnacle larvae exhibit ontogenetic differences in
vertical distribution (Tapia et al., 2010; Bonicelli et al., 2016;
Hagerty et al., 2018), and may display changes in vertical position
during diel cycles (dos Santos et al., 2007; Bonicelli et al., 2016).
Changes in vertical distribution can also take place at small-
spatial scales (100’s m) in response to frontal circulation (Pineda,
1999), and in laboratory conditions when downwelling flows are
experienced (DiBacco et al., 2011).

This study aimed to provide insights on how behavior,
vertical distribution, abundance, and onshore larval transport of
barnacle larvae are driven by dynamic conditions at a shallow,
nearshore site over a 24 h period. We focused on barnacle
cyprids, the stage that must transport from the offshore larval
pool to adult intertidal habitats to settle. We emphasized thermal
stratification processes because previous studies revealed an
association between stratification and (a) nearshore cross-shore
larval distribution at cruise-to-cruise (∼days to few weeks) and
seasonal scales (Hagerty et al., 2018), and (b) settlement at 2–
3 day (Pineda and López, 2002) and interannual scales (Pineda
et al., 2018). Here, we build on this work to determine how
larval abundance and vertical larval distributions are impacted
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by shorter-scale (hourly) fluctuations in hydrodynamic and
hydrographic conditions. We hypothesize that larval abundance
in the nearshore is related to thermal stratification. We focused
in the shallow nearshore zone, located in ∼4 m deep area just
offshore of the surfzone, because this is an important region
(Hagerty et al., 2018) connecting offshore larval development
grounds to the surfzone and adult rocky intertidal habitat.
Nearshore regions of many coastal areas remain understudied
(but see Porri et al., 2006; Dudas et al., 2009b; Pfaff et al.,
2015), yet quantifying the temporal scales at which nearshore
hydrodynamic and hydrographic processes operate is critical
for understanding larval transport of organisms residing in
coastal and rocky intertidal habitats. In this study, we specifically
addressed the following questions: (1) does nearshore larval
abundance vary with thermal stratification, and if so, at what
temporal scales? (2) Is onshore larval transport associated with
thermal stratification? (3) What is the hourly and day-night
variability in larval vertical distribution?

MATERIALS AND METHODS

Study Site
This study was conducted offshore of Bird Rock, La Jolla,
CA, United States (Figure 1) within the South La Jolla State
Marine Reserve, a marine protected area (MPA). This region
hosts large populations of the numerically dominant barnacle
species Chthamalus fissus, that has a larval duration of ca.
3 weeks (e.g., Miller et al., 1989), and larvae that recruit
throughout the year (Pineda and López, 2002; Hargenrader,
2018; Pineda et al., 2018). Sampling occurred at the same 4 m
deep station sampled by Hagerty et al. (2018) who observed
relatively large (monthly and seasonal) temporal-scale variability
in cross-shore larval distribution and thermal stratification. The
purpose of this follow-up study was to examine high-frequency
(hourly) variations of cyprid vertical distribution with respect to
hydrodynamic and hydrographic conditions in the water column
at a fixed station in a region seaward of the surfzone where cyprid
accumulation was previously observed when offshore waters were
stratified (Hagerty et al., 2018). Sampling was conducted during
June and July (hereafter summer) 2017 and 2018, corresponding
to periods of high barnacle settlement (Pineda, 1994; Pineda et al.,
2018) and thermal stratification (Winant and Bratkovich, 1981;
Hagerty et al., 2018; Sinnett and Feddersen, 2019).

Larval Measurements
Samples were taken from a 7.6 m boat anchored at a fixed,
shallow (average 4 m deep over a tidal cycle) nearshore station
(Figure 1) during 5 cruises: Cruises 1 and 2 were conducted
July 16–17 and July 25–26, 2017, respectively, while Cruises 3,
4 and 5 were conducted June 7–8, June 21–22, and July 16–17,
2018, respectively (Table 1). Cruise dates were not selected to
replicate tidal or lunar cycles. Plankton profiles were sampled
hourly using a Dominator submersible semivortex pump (Ebara
50DWXU6.4S) to filter 2 m3 of seawater from distinct 1 m
depth intervals extending from the surface to the bottom
[0–1 m, 1–2 m, 2–3 m and 3 m- to the seafloor bottom (∼4 m)],

by oscillating the pump continuously throughout each 1 m depth
interval. Seawater was filtered using a 118-µm mesh net to
collect all stages of barnacle larvae, and samples were immediately
preserved in 100% ethanol. All cruises were sampled during the
morning and evening twilight and through the night. However,
due to equipment failure, the number of plankton sampling hours
differed for each cruise (Cruise 1 = 13 h; Cruise 2 = 14 h; Cruise
3 = 23 h; Cruise 4 = 19 h; and Cruise 5 = 24 h; Table 1). Plankton
samples were quantitatively subsampled using a Folsom plankton
splitter, and larvae were enumerated and identified using a
dissecting microscope (Olympus SZX12-ILLD). Barnacle cyprids
were identified to species based on existing morphological
descriptions (Lewis, 1975; Vedder and Branscomb, 1982;
Brown and Roughgarden, 1985; Miller et al., 1989; Miller and
Roughgarden, 1994; Shanks, 2001), including those confirmed
through molecular analyses by Hagerty et al. (2019). Six species
of barnacle larvae were identified, including C. fissus (92%
of counted individuals), Pollicipes polymerus (7%), and the
remaining 1% of cyprids comprised of Balanus glandula, Balanus
trigonus, Tetraclita rubescens, and Megabalanus californicus. Only
two individual cyprids remained unidentified. Given the low
concentration of other species, C. fissus cyprids will hereafter be
the focus of this study.

The vertical center of distribution for C. fissus cyprids was
determined by calculating their Mean Depth Distribution (MDD,
Tapia et al., 2010) for every hour of sampling using the following
equation:

MDD =
∑

(no. larvae m−3 in depth interval × mean depth of interval)∑
(no. larvae m−3 in hourly profile)

Hydrographic and Hydrodynamic
Measurements
A SonTek CastAway-CTD was used to measure temperature and
depth profiles every ∼7 min throughout the plankton sampling
period at the 4 m deep station (∼280 m from shore; Figure 1).
Stratification in this region is primarily driven by thermal
variation (Winant and Bratkovich, 1981; Sinnett et al., 2018;
Grimes et al., 2020a). Two temperature moorings were deployed
for the duration of summer (June 16 to August 31, 2017; May
18 to August 30, 2018) to provide longer temporal-scale context
of offshore thermal stratification during periods of plankton
sampling: one mooring at the 5 m-deep station (∼400 m from
shore and∼100 m from the 4 m station) and one at the 8 m-deep
station (∼800 m from shore and ∼500 m from the 4 m station)
during both years (Figure 1). SBE-56 thermistors were deployed
at 1 m depth intervals on both moorings, such that the 5 and 8 m
moorings had 4 and 6 instruments, respectively, programmed
to record temperature every 5 s. Thermal stratification was
measured as the change in temperature m−1 (1◦C m−1) and
calculated as follows:

Thermal Stratification

=
(temperature at surface− temperature at bottom)

(depth of bottom temperature− depth of surface temperature)

Average stratification was calculated for each station by
cruise. The CTD data were used to generate hourly-averaged
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FIGURE 1 | Inset showing Bird Rock study site in La Jolla region (indicated by
arrow), CA, United States. Map shows nearshore bathymetric isobaths from
Mean Lower Low Water (MLLW) to 12 m depth at 2 m isobath intervals. Black
‘X’ represents the 4 m deep larval and CTD sampling station (∼280 m from
shore); the two black circles represent the 5 m- and 8 m-deep temperature
mooring stations (∼400 and ∼800 m from shore respectively); Nortek
Aquadopp Profiler (ADCP) was also deployed near the 5 m deep temperature
mooring at ∼6 m depth (circles overlap). Lidar bathymetry data from the 2013
NOAA Coastal California TopoBathy Merge Project https://data.noaa.gov/
dataset/2013-noaa-coastal-california-topobathy-merge-project.

time series of stratification and thermocline depth (calculated
as the depth where the maximum change in temperature
occurred) corresponding to each hour of plankton sampling.
Additionally, daily-averaged stratification and thermocline depth
were calculated from the 5 m-deep temperature mooring data
to better understand the hydrographic conditions during the
summer months when plankton sampling took place. The water
column was considered stratified when 1◦C m−1

≥ 0.1 (e.g.,
Sinnett and Feddersen, 2019).

A 1 Mhz Nortek Aquadopp acoustic Doppler current profiler
(ADCP) was deployed ∼200 m away from the 4 m deep
station at roughly 6 m depth (adjacent to 5 m temperature

mooring) to measure current velocities every 90 s in 0.5 m
depth intervals (Figure 1). Due to side lobe contamination and
inherent instrument limitations, currents at the surface and
bottom could not be measured, with the shallowest bin on
average 0.26 m below the surface of the water, but sometimes
up to 1 m below the surface, and the deepest bin starting
at 1.22 m above the bottom (MAB). Current directions were
rotated to align with the predominate cross-shore and alongshore
directions and separated into cross-shore (u, positive onshore)
and alongshore (v, positive southward) components. A 33 h low-
pass filter was applied to each component to separate the low- and
high-frequency currents. The high-frequency currents include
signals from the semidiurnal surface tide and internal tidal
variability. Given our goal in understanding how barnacle larvae
are transported shoreward from offshore larval development
areas to juvenile and adult rocky intertidal habitat, which typically
involve vertically sheared flows, we also examined the variability
of the cross-shore currents by calculating the standard deviation
across depths of the high-frequency cross-shore currents (e.g.,
Hagerty et al., 2018; Pineda et al., 2018).

The hydrodynamic conditions barnacle cyprids experienced
near the time of sampling were estimated with hourly-averages of
currents that included the 30 min prior to plankton sampling as
well as the∼30 min duration of plankton sampling (t, the interval
for larval flux calculations described below). Given that there was
a ∼30 min interval before the next hour of plankton sampling
commenced, this resulted in hourly-averaged currents that did
not overlap between hours of plankton sampling.

Data Analyses
To visualize the hydrodynamic and hydrographic conditions at
each station, contour profiles were created from the current meter
and temperature data using the contourf function in MATLAB
R2021a with 5 contour levels for hourly averages of the currents,
and 25 contour levels for the CTD data. The vertical distribution
of C. fissus cyprid concentrations (reported as no. larvae m−3)

TABLE 1 | Cruise summaries with dates, start and end hours of CTD and plankton sampling (PDT), Chthamalus fissus cyprid concentrations (no. m−3) with minimum
and maximum concentrations per cruise in parentheses, and average ± SE thermal stratification (1◦C m−1) at 8 m- and 5 m-deep mooring stations (SBE 56 thermistor
data) and 4 m-deep plankton station (CTD data).

Cruise Dates Hours sampled Cyprid
concentration

(range)

Thermal stratification

8 m 5 m 4 m

1 July 16–17, 2017 17:30–6:00 93.5 ± 2.10
(4–536)

0.482 ± 0.059 0.296 ± 0.045 0.086 ± 0.005

2 July 25–26, 2017 17:00–7:00 80.7 ± 7.44
(8–288)

0.433 ± 0.029 0.383 ± 0.031 0.157 ± 0.007

3 June 7–8, 2018 10:45–9:15 739.1 ± 98.6
(0–6434)

0.507 ± 0.021 0.207 ± 0.014 0.210 ± 0.005

4 June 21–22, 2018 17:30–12:00 40.4 ± 5.88
(18–280)

0.254 ± 0.005 0.087 ± 0.012 0.040 ± 0.001

5 July 16–17, 2018 11:30–11:00 871.42 ± 91.7
(37-4609)

0.549 ± 0.023 0.221 ± 0.017 0.171 ± 0.002

Cruise 1 (N = 52), Cruise 2 (N = 56), Cruise 3 (N = 92), Cruise 4 (N = 76), Cruise 5 (N = 96) plankton samples.
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were overlaid on the temperature contour profiles to examine
patterns between the physical conditions of the water column and
vertical position of cyprids over time.

To examine how cyprid vertical distribution and cross-shore
currents influence shoreward larval transport, we calculated
cross-shore larval flux. First, cross-shelf exchange flow (in m
s−1), u’z,t , where z is the ADCP depth bin, and t is the
time corresponding to plankton sampling (as described above),
was calculated by subtracting the depth-averaged cross-shore
currents from the cross-shore currents (as in Fewings et al.,
2008). Then, for each hour of larval sampling, C. fissus cyprid
concentration (no. larvae m−3) profiles were interpolated onto
the ADCP depth bins, cz,t , to maximize vertical resolution
using linear interpolation with the interp1 function in MATLAB
R2021a. Finally, cross-shore larval flux (no. larvae m−2 s−1),
used to estimate larval transport, was calculated for each hour of
plankton sampling, as the depth-average of the product between
the cross-shelf exchange flow and the larval concentration:

Cross−shore larval flux =
∑

(u′z,t ·cz,t)

number of depth bins

For each cruise, larval transport was estimated by integrating
the hourly larval flux values over the duration of each cruise
(as in Rowe and Epifanio, 1994), and dividing by the number
of hours sampled for each cruise (reported in m h−1 given
the varying cruise lengths). Positive values represent onshore
(eastward) larval flux and transport.

To resolve diel vertical distribution patterns, sampling hours
were separated into day and night based on the hours of civil
twilight, defined as the time in the morning or evening when
the geometric center of the sun is 6 degrees below the horizon
as defined by the National Weather Service, NOAA. Given that
day-night hours were not evenly sampled during each cruise, data
from all cruises were combined for these analyses, with n = 48 h
sampled during the day and 45 h sampled at night. We used a
G–test of goodness-of-fit to determine if there was a significant
difference in the vertical distribution of C. fissus cyprids during
day vs. night periods using proportions of larvae collected by
depth bin. Separate one-way analysis of variance (ANOVA) tests
were used to determine if there were day-night differences in
the C. fissus MDD, log-transformed concentration of cyprids,
and thermocline depth. ANOVA assumptions of normality and
homogeneity of variance were met. Day-night differences in
larval flux were examined using Kruskal-Wallis tests because the
data violated the assumptions of ANOVA.

We examined the degree to which C. fissus cyprid MDD,
larval concentration, and thermocline depth were related to
thermal stratification using correlation analysis. Visual inspection
of the hourly time series revealed that low larval concentration
values primarily occurred during cruises with low thermal
stratification (e.g., Cruise 4), suggesting that hourly data were
not independent. Moreover, the hourly stratification time series
from the CTD data for each cruise contained significant
autocorrelation. Thus, we focused on examining cruise-to-cruise
variability by calculating the correlation between cruise-averaged
larval MDD, concentration and stratification.

To understand the more general relationship between the
hydrodynamic and hydrographic conditions, we used the
time series generated by the ADCP data and the 5 m
temperature mooring. The daily-averaged standard deviation of
the high-frequency cross-shore currents, thermocline depth, and
stratification were calculated from June 16 to July 31 in 2017, and
June 1 to July 31 in 2018 to encompass the dates of larval sampling
for each year. To remove the significant 1 d autocorrelation
in the daily-averaged hydrodynamic and hydrographic records
(confirmed by examination of the autocorrelation and partial
autocorrelation functions), each time series was subsampled by
taking points from every other day. These subsampled data were
combined to examine the overall correlation between the daily-
averaged standard deviation of the high-frequency cross-shore
currents, thermocline depth, and thermal stratification.

RESULTS

Cruise Hydrodynamic and Larval
Patterns
While currents changed with depth and over time by cruise,
variability was primarily driven by the high-frequency currents,
as indicated by how closely the high-frequency currents
reproduced the unfiltered current record (Figures 2–6A–F).
Low-frequency currents were generally directed westward
(offshore) and northward (Cruises 3-5) or with minimal cross-
shore currents during Cruises 1 and 2 (Figures 2–6C,D).
Alongshore current reversals were also prevalent in the
unfiltered (panels ‘B’) and high-frequency (panels ‘F’) currents,
with northward flowing (negative values) alternating with
southward flowing (positive values) currents, every ∼4–6 h
(Figures 2–6B,F). However, the phasing of the currents did
not follow tidal sea level variations over time (compare
Figures 2–6, with Figure 7). Furthermore, alongshore reversals
(Figures 2–6B,F) were not consistently accompanied with cross-
shore current reversals during all cruises (Figures 2–6A,E),
although in Cruises 1 and 2 (Figures 2, 3), northward currents
were generally associated with onshore (positive values) flow
(e.g., 2:15 PDT on Figures 2A,B), and southward currents with
offshore (negative values) flow (e.g., 2:00 PDT on Figures 3A,B).

Cruises during the summer of 2017 (Cruises 1 and 2;
Figures 2, 3G) had overall warmer temperatures than those
during summer 2018 (Cruises 3-5; Figures 4–6G). At the 4 m
deep plankton station, temperatures during Cruises 1 and 2
were similar, between ∼ 22.5 and 24◦C, while Cruises 3, 4,
and 5 had cooler and more temporally variable temperatures
(Figures 2–6G).

C. fissus cyprid concentrations also varied by cruise, with
the lowest mean concentrations during Cruises 1, 2, and 4,
and one order of magnitude greater concentrations during
Cruises 3 and 5 (Table 1). While, cyprid distributions were
also variable vertically and on hourly time scales, concentrations
did not appear to fluctuate consistently with the currents or
temperature (Figures 2–6). For example, during Cruise 1, cyprid
concentrations were highest in northward flowing waters when
examining the unfiltered and high-frequency currents (e.g.,
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FIGURE 2 | Cruise 1 (July 16–17, 2017) currents, temperature and larval concentrations. Contour plots of hourly-averaged currents (ms−1), with (A) unfiltered
cross-shore (u) component (positive values corresponding to onshore or eastward flow), (B) unfiltered alongshore (v) component (positive values corresponding to
southward flow), (C) low-frequency cross-shore component, (D) low-frequency alongshore component, (E) high-frequency cross-shore component, and (F)
high-frequency alongshore component. The thin gray horizontal lines indicate the depths above and below which ADCP data are missing. The black lines indicate
the 0 ms−1 contours (G) temperature contour plot using CTD data at 4 m deep site with overlaid black circles representing Chthamalus fissus cyprid concentrations
(no. m−3) in each sampling depth bin for each hour of sampling. The white area below the contour plot shows the changing water depth due to the tides, and the
filled gray rectangle represents night-time sampling. Hours are in Pacific Daylight Time (PDT).

17:15-19:15 PDT and 0:15-2:15 PDT, Figures 2B,F,G), but this
pattern was not evident during Cruise 2 despite the strong
alongshore current reversals in the unfiltered and high-frequency
records (Figures 3B,F,G). In contrast, at the beginning of Cruise 3
(before 16:00 PDT), cyprid concentrations were highest in cooler
temperature mid-depth to bottom waters when high-frequency
currents were to the north and onshore (Figures 4E,F,G), but
distributions shallowed at the onset of warmer surface waters

∼18:00 PDT near the time of an alongshore and cross-shore
current reversal, but eventually resumed a deeper distribution
near the end of the cruise when waters were cooler (Figure 4G).
Likewise, during Cruise 4, there was an increase in cyprid
concentrations after 5:15 PDT, as temperatures gradually cooled
during the cruise (Figure 5G). Finally, during Cruise 5, cyprid
concentrations increased near the surface ∼ 21:00-23:00 PDT,
corresponding to an alongshore current reversal in the unfiltered
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FIGURE 3 | Cruise 2 (July 25–26, 2017) currents, temperature and C. fissus larval concentrations. Figure details are the same as Figure 2.

and high-frequency currents, when flows shifted from southward
to northward (Figures 6B,F,G). Cruise 5 temperatures were
relatively warm, but experienced slight bottom cooling ∼ 7:00
PDT when we observed increasing cyprid concentrations at depth
(Figure 6G). Over all of the cruises, one consistent pattern was
that cyprid concentrations were typically greatest in the mid-
depth (2–3 m) depth bins (Figure 7).

Relationships With Thermal Stratification
During all cruises, mean thermal stratification was highest at the
8 m deep station, and decreased closer to shore (5 and 4 m deep

stations; Table 1). However, thermal stratification varied hourly
at the 4 m deep station, with stratified waters (when values ≥0.1
1◦Cm−1), occurring 31% of Cruise 1, 79% of Cruise 2, 96% of
Cruise 3, 5% of Cruise 4, and 100% of Cruise 5 (Figure 7). Such
fluctuations do not appear related to tidal sea level variations
(Figure 7). Additionally, within-cruise temporal variations in
thermocline depth, C. fissus MDD, cyprid vertical distribution,
and cross-shore larval flux did not follow the hourly changes in
thermal stratification (Figure 7).

Nonetheless, when data from all cruises were combined,
general patterns emerged: there was a significant positive
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FIGURE 4 | Cruise 3 (June 7–8, 2018) currents, temperature and larval concentrations. Figure details are the same as Figure 2. Note that C. fissus larval
concentration circles are scaled differently than for Cruises 1, 2, and 4 due to high larval concentrations.

correlation between C. fissus cyprid concentrations and thermal
stratification at the 4 m deep station (Pearson’s R = 0.89, p = 0.04;
Figure 8). Dates with the highest mean thermal stratification
(Cruises 3 and 5), had the largest C. fissus cyprid concentrations
(Table 1 and Figure 8). In contrast, Cruise 4 had the lowest
mean thermal stratification of all sampling dates and an order
of magnitude lower cyprid concentration compared to Cruises 3
and 5 (Table 1 and Figure 8).

Estimated cross-shore larval transport was greatest when
mean thermal stratification was the highest (Figure 9). Cruises
3 and 5, with the highest stratification, had the highest
onshore larval transport (eastward ∼ 0.5–1 m h−1). In fact,

shoreward larval transport only resulted when conditions were
stratified (Cruises 2, 3, and 5 when mean thermal stratification
>0.1 1◦Cm−1), and was minimal during the predominately
unstratified conditions of Cruises 1 and 4 (Figure 9).

Vertical variations in the daily-averaged high-frequency
cross-shore currents were positively correlated with thermal
stratification (Pearson’s R = 0.87, p < 0.001; Figure 10). There
were no significant correlations between thermocline depth
and thermal stratification (p = 0.64), C. fissus MDD and
thermocline depth (p = 0.28), MDD and thermal stratification
(p = 0.81), and MDD or larval flux and sea level/tidal stage (see
Supplementary Material).
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FIGURE 5 | Cruise 4 (June 21–22, 2018) currents, temperature and larval concentrations. Figure details are the same as Figure 2.

Diel Patterns
The vertical distribution of C. fissus cyprids varied with depth,
with the highest proportion found in the 2–3 m depth bin
during both day and night periods over all combined cruises
(Figure 11A). Despite similarities in this depth bin, there were
significant day-night differences in overall depth distributions,
with cyprid concentrations decreasing in the bottom-most depth
bin, and increasing in the surface-most depth bin at night
(G = 18,539.65, df = 3, p < 0.001; Figure 11A). C. fissus MDD
day vs. night distributions were also significantly different, with
the average ± SE MDD = 2.3 ± 0.07 m slightly deeper during
the day, in comparison to 2.1 ± 0.06 m at night (one-way

ANOVA: F1, 91 = 1.324, p = 0.01). There was a significant
difference in the log-transformed C. fissus concentration between
day and night (one-way ANOVA: F1,91 = 2.686, p = 0.008), with
higher concentrations during the day than at night (Figure 11B).
Overall, average ± SE thermal stratification was slightly higher
(0.15± 0.01 1◦C m−1) during the day than at night (0.11± 0.01
1◦Cm−1). These data were not statistically analyzed because
the high between-cruise variability in stratification and the
larger number of day-time sampling hours during the higher
stratification cruises (e.g., Cruises 3 and 5) may have biased
the results. There were no significant day-night differences in
thermocline depth (p = 0.24) or larval flux (p = 0.25).
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FIGURE 6 | Cruise 5 (July 16–17, 2018) currents, temperature and larval concentrations. Figure details are the same as Figure 2. Note that C. fissus larval
concentration circles are scaled differently than for Cruises 1, 2, and 4 due to high larval concentrations.

DISCUSSION

We observed a positive relationship between Chthamalus fissus
larval concentration and thermal stratification at cruise-to-cruise
scales. Furthermore, onshore larval transport was associated
with stratification, with little transport when the water column
was weakly stratified. These results support our growing
understanding of the central importance of thermal stratification
on nearshore larval dynamics, as increased thermal stratification
distributes cyprids closer to shore (Hagerty et al., 2018), increases
nearshore larval abundances (this study), enhances onshore
larval transport (this study), and settlement in rocky intertidal
habitats (Pineda and López, 2002; Pineda et al., 2018).

Clear patterns between C. fissus cyprid concentrations and
currents were not evident. However, in some cases (e.g.,
Cruises 1, 2, 5) increased larval concentrations appeared to
be associated with high-frequency alongshore current reversals.
Other studies have noted that alongshore currents can influence
larval transport in the nearshore (Wing et al., 2003; Dudas et al.,
2009a; Liévana MacTavish et al., 2016). It is possible that strong
northward currents promote downwelling (onshore) flow (e.g.,
Lentz and Fewings, 2012), causing an increase in larval supply.
Additionally, in open coastlines, alongshore currents tend to
be more energetic and more relevant than anticipated to larval
transport by impacting the cross-shore currents (Pineda, 2000;
Lentz and Fewings, 2012). Another possibility that warrants
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FIGURE 7 | Summary of physical conditions and larval parameters at the 4 m-deep plankton and CTD station during each cruise. Sea level (tidal height), thermal
stratification from the CTD data, thermocline depth, C. fissus larval Mean Depth Distribution (MDD), larval concentrations by depth, and cross-shore larval flux (in
rows) for all cruises (in columns). Black bars in sea level plots represent night-time sampling. Conditions are stratified when thermal stratification is ≥0.1 1◦C m−1

(shown as horizontal reference line in stratification plots). Positive values represent onshore (eastward) larval flux.

future study is that alongshore current reversals at our study site
may generate fronts that accumulate larvae on hourly time scales.

Most of the variability in the currents we observed was due
to high-frequency (less than 33 h) processes such as surface and
internal tides. There was no evidence that the phasing of reversals
matched changes in sea level associated with the surface tide.

FIGURE 8 | Correlation between mean (±SE) thermal stratification and
log-transformed total (sum of all depths) C. fissus larval concentrations for
each cruise (numbers 1–5).

Instead, these reversals might be related to the internal tide, a
process that can cause significant cross-shore flows (e.g., Winant
and Olson, 1976). Surface tidal currents are weak in southern
California, and the high-frequency currents are dominated by the
internal tidal variability (Lerczak et al., 2003) which tend to be
decoupled in phase from the surface tide. Larvae may aggregate
at the same depth where the internal tide causes shoreward
flows (e.g., Weidberg et al., 2019), suggesting that larvae have
the potential to use these features to mediate transport. A key
consideration, however, is that internal wave and tide events
near our study area are rare in the nearshore when thermal
stratification is weak (e.g., Sinnett and Feddersen, 2019, and
N.R and J.P. unpublished data). Thus, stratification may play a
key role in the shoreward transport of larvae, as increases in
thermal stratification could lead to more energetic cross-shore
currents and internal tides that propagate shoreward enhancing
larval transport and retention in the nearshore (Pineda, 1999;
Weidberg et al., 2019).

Indeed, during periods of greatest thermal stratification,
we observed the highest larval concentrations, and onshore
larval transport, underlying the importance of understanding
how stratification varies in the nearshore. Our results further
the findings from a previous study that observed cross-shore
cyprid distributions closer to shore when waters were more
stratified (Hagerty et al., 2018). Moreover, both stratification and
C. fissus larval settlement decreased during the 2016 El Niño
(Pineda et al., 2018), indicating that reductions in stratification
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FIGURE 9 | Relationship between mean (±SE) thermal stratification and
estimated C. fissus cross-shore larval transport for each cruise (numbers 1–5).
Positive values represent onshore (eastward) larval transport.

FIGURE 10 | Correlation between thermal stratification and the vertical
variability of the high-frequency cross-shore currents (standard deviation
across depths of the currents). Points are daily-averages sub-sampled every
other day in June and July of 2017 and 2018.

can disrupt larval supply to intertidal habitats. Increases in
stratification limits vertical mixing and promotes sheared flows
(Winant and Bratkovich, 1981), including two-way horizontal
flows (e.g., Hagerty et al., 2018; Guillam et al., 2020). In fact,
we also observed greater vertical variation in the cross-shore
currents when the water column was stratified, suggesting more
sheared flows occurred during these conditions. Changes in
larval vertical distribution (Lloyd et al., 2012; Hagerty et al.,
2018; Weidberg et al., 2019) in response to sheared flows could
allow larvae to better regulate their horizontal distribution,
and their distance from shore (Shanks and Shearman, 2009;
Pineda and Reyns, 2018). Our larval flux calculations, which take
into account the vertical positioning of cyprids and the cross-
shore currents they experienced at each depth, varied on hourly

FIGURE 11 | Day-night variability in mean (±SE) C. fissus (A) larval vertical
distribution, and (B) larval concentration.

scales, but net estimated larval transport was strongest in the
shoreward direction when stratification was greatest. While we
did not identify the physical transport mechanisms at play in
this study, many nearshore cross-shelf exchange processes are
dependent on stratification including internal waves and tides
(e.g., Sinnett et al., 2018), and transient rip currents (e.g., Grimes
and Feddersen, 2021), and cross-shore flows have the potential to
shut down when conditions are unstratified (Lentz, 2001).

From previous work, we know that C. fissus cross-shore
distributions were closer to shore, near 4 m depth, when
nearshore stratification increased, and this area where cyprid
concentrations increased can be thought as a zone of larval
accumulation (Hagerty et al., 2018). By continuously sampling
at a 4m depth station in the current study, we hypothesize
that in addition to larval patchiness, some of the between-
cruise variations in larval concentration might be due to shifting
of the zone of larval accumulation relative to the position of
our fixed sampling station, as nearshore stratification changed
spatially. For instance, the very high larval concentrations
we observed when stratification was highest throughout the
nearshore suggests that our 4 m deep sampling station was within
the larval accumulation zone. In contrast, the larval accumulation
zone would be further offshore when the nearshore was
unstratified (e.g., during Cruise 4 low stratification conditions
extended to the 8 m deep station when compared to the other
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cruises), and could also help explain why larval concentrations
were lower during this time. The seafloor offshore of the
surfzone in Bird Rock is relatively rough, with scattered ledges.
However, there are no large protruding features, with smaller
features distributed throughout. Thus, it is unlikely that bottom
bathymetry has a large influence on the position of the zone
of accumulation compared to stratification. We speculate that
higher offshore stratification allows the thermocline to penetrate
into the 4 m deep station, thereby enabling larval transport closer
to shore. A follow-up study should test the hypothesis that spatial
variation in stratification influences where larvae accumulate
in the nearshore.

Regardless of the time of day, ∼40% of cyprids remained
within the 2–3 m depth bin. This pattern is consistent with
those found in other studies where cyprids of intertidal species
remained slightly above the bottom. For instance, Tapia et al.
(2010) found that cyprids were usually most abundant between
15 and 25 m depth at a station that was 30 m deep, Bonicelli
et al. (2016) found cyprids also remained near the bottom at a
20 m site, and Hagerty et al. (2018) observed cyprids distributed
at depths near the bottom at stations along a transect extending
from 4 to 12 m deep. Such depth distributions might allow
cyprids to use cool, deep internal bores to transport closer to
shore before reaching the intertidal zone (Pineda, 1991; Shanks
et al., 2014; Fernández-Aldecoa et al., 2019). It is possible that
deep waters are preferable for the non-feeding cyprids because
cooler waters extend the lifespan of their lipid reserves, providing
them with more time to reach intertidal habitats and increase
their chances of successful settlement (see Satuito et al., 1996).
However, cyprids of some barnacle subtidal species may occur
in surface waters (e.g., Le Fèvre and Bourget, 1991) and vertical
distribution might relate to adult habitat.

The significant day-night difference in C. fissus distribution
was driven by concentration changes in the bottom and surface
depth bins. At night, cyprids migrated away from the bottom
and increased their distribution near the surface. While C. fissus
MDD also shallowed slightly at night, the MDD calculations
mask changes that occur at the tails of the cyprid distribution
(near-bottom and near-surface). Nonetheless, chthamalid cyprid
distributions were also slightly shallower at night off the coast
of Chile (Bonicelli et al., 2016) and Portugal (dos Santos et al.,
2007). Since cyprids are non-feeding, this migration is not to
track prey but could be to avoid visual predators (reviewed in
Haney, 1988), which is a common response of meroplankton in
deeper waters (Zaret and Suffern, 1976; Forward and Rittschof,
2000). It is unclear whether the diel changes in cyprid distribution
that we observed have implications for nearshore larval transport
as there were no day-night differences in larval flux. In
coastal locations off Brittany (France), brittle star larvae that
undergo a nocturnal upward migration in a stratified embayment
experience retention, as shoreward currents are generated at
night by the stratification dynamics (Guillam et al., 2020).

At our study site, thermal stratification might break down
at night due to diurnal cooling (e.g., Grimes et al., 2020b),
but we could not test for day-night differences in stratification
because the larger number of day-time sampling hours during the
higher stratification cruises may have introduced bias. Possible
day-night variations in thermal stratification, coupled with the

significant positive relationship we observed between larval
concentrations and stratification may help explain why larval
concentrations were significantly higher during the day than at
night. However, characterizing variations in thermal stratification
in the nearshore is complicated because it is modulated by many
physical processes (e.g., surface and internal waves and tides,
diurnal heating/cooling, seasons, El Niño), operating on a range
of temporal scales (Sinnett et al., 2018; Sinnett and Feddersen,
2019; Grimes and Feddersen, 2021). Therefore, describing the
dependencies of larval transport on stratification, a unifying
factor in the dynamics of many physical processes, may be
one way to simplify understanding the complex problem of
benthic recruitment.

CONCLUSION

We observed dynamic nearshore larval distributions, changing
at the scale of hours, possibly as a response to varying
physical conditions in the water column in addition to larval
patchiness. Larval distributions did not change on hourly scales
in response to thermal stratification; however, cruises with
higher stratification yielded higher larval concentrations and
onshore larval transport. This suggests that cruise-to-cruise
variability in stratification is more important than within-
cruise variability, and provides insight as to the relevant
temporal scales (days rather than hours) over which stratification
operates to influence larval dynamics in the nearshore. While
variation in thermal stratification did not alter larval vertical
distribution on hourly scales, the high-frequency, depth-
resolved sampling undertaken in this study made it possible
to calculate larval flux during each cruise, and identify the
relationship between onshore larval transport and thermal
stratification. Although a specific mechanism was not resolved,
our results suggest that nearshore thermal stratification is
key for onshore larval transport, likely driven in part by
the high-frequency cross-shore currents. Finally, this study
showed that C. fissus cyprid larvae undertake diel changes
in their vertical distribution, with larvae generally slightly
shallower at night. Both behavior and physical processes appear
to play an important role in facilitating accumulation of
barnacle cyprids in shallow waters and successful onshore
transport, with implications for larval supply and recruitment to
intertidal habitats.
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