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at ECIM and uncorrelated with H. In contrast, in the
2016 season, settlement rates were much higher and
highly correlated with H, increasing from 0 to 40 ind.
collector−1 d−1, with an increase in H from 1 to 1.5 m.
At Punta Lobos, there was a significant relationship

between settlement and wave height in 2017, but not
in 2016, when mussel settlement rates were gener-
ally lower (Fig. 6). When orbital velocities were cor-
rected by the site-specific surf zone slopes to provide
a relative orbital velocity (i.e. SF), significant positive
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Fig. 4. Time series of wave characteristics during sampling periods: (A,B) Estacion Costera de Investigaciones Marinas (ECIM) 
2015; (C,D) ECIM 2016; (E,F) Punta de Lobos 2016; (G,H) ECIM 2017; (I,J) Punta de Lobos 2017
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linear relationships between daily settlement rates
and SF were observed for Punta Lobos and ECIM in
2016, and SF explained between 37 and 80% of the
total variance in mussel daily settlement observed
within a season (Fig. 7B). At Punta Lobos, higher set-
tlement rates were related to high values of SF, as the
SZS is much lower. At ECIM, the very low settlement
rates in 2015 and 2017 were not significantly corre-
lated to SF, even though they showed a generally
positive trend with increasing SF. Remarkably, when
all data sets for the different sites and seasons were
centered by subtracting the intercepts of each OLS
regression to remove seasonal variability, all data
conformed to the same general mussel settlement
linear relationship with our SZS-corrected orbital
velocities (SF), which explained 87% of the variabil-
ity in mussel settlement rates (Fig. 8). The only ex -
ception took place in the intertidal of ECIM in 2016.

Decomposing orbital velocities into cross- and
alongshore vectors, as they impact the shoreline at

the sites, shed light into the causes of inter-annual
and site variability. The cross-shore component was
positively and significantly correlated with settle-
ment rates at Punta Lobos both in 2016 and 2017
(Fig. 7C). In contrast, no relationships with cross-
shore velocities were observed at ECIM in any of the
3 settlement seasons in the intertidal, nor at the sub-
tidal in 2017. Interestingly, the high settlement rates
observed at ECIM in 2016 occurred in a period when
cross-shore orbital velocities were weakly negative,
indicating seawards direction. When the alongshore
component was considered, we observed the oppo-
site pattern between sites; mussel settlement rates at
Punta Lobos were uncorrelated with alongshore
orbital velocities (Fig. 7D), while mussel settlement at
ECIM increased linearly with increasing alongshore
orbital velocities (Fig. 7D). The low mussel settle-
ment rates observed in 2015 and 2017 at this site did
coincide with weaker alongshore orbital velocities
during those seasons, but were not significantly cor-
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Fig. 5. Time series of sea surface temperature measured at
1 and 20 m depth, and of meridional Ekman Transport during
the different sampling periods: (A) Estacion Costera de Inves-
tigaciones Marinas (ECIM) 2015; (B) ECIM 2016; (C) Punta de 

Lobos 2016; (D) ECIM 2017; (E) Punta de Lobos 2017
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related with them. When data for ECIM were pooled
together for the 3 yr, a highly significant non-linear
fit was obtained, suggesting an exponential relation-
ship with very low mussel settlement at alongshore
orbital velocities below 0.8 m s−1 and rapidly increas-
ing above these velocities, explaining altogether up
to 76% of total variability in daily settlement rates
(Fig. 7D).

SST was not related to mussel settlement patterns
for any site or year, at least not in a simple manner
(linear or non-linear), and all regressions explained
less than 30% of variability in settlement (Fig. 7E).
Because changes in Ekman transport that can be

interpreted as upwelling intensification have decor-
relation scales of 3−7 d (Largier 1993, Goela et al.
2016), the settlement time series is too short to cor-
rectly interpret these correlations as indicative, or
not, of the role of wind-driven upwelling. Thus,
Ekman transport estimates were not used in regres-
sion analyses.

DISCUSSION

Our results provide general support for the model
of wave-driven bed-load transport of mussel larvae
through the surf zone, as proposed by Navarrete et
al. (2015), to explain multimodal size distribution of
mussel settlers in the intertidal zone. At one site pro-
tected from upwelling in ECIM Las Cruces, scarcely
1 km from the intertidal site used in the study by
Navarrete et al. (2015), and at a site directly exposed
to upwelling, roughly 100 km to the south, mussel
settlement rates were positively correlated with
wave height on some years, especially when settle-
ment rates were high. Calculating orbital wave cur-
rents based on Nielsen’s (1985) wave theory and the
modeled wave height and period for the study sites,
and then standardizing these velocities by the bathy-
metric slope of the surf zone of each study site, we
found a general linear relationship with mussel set-
tlement for all periods and sites. Moreover, along-
shore and cross-shore components of these flows
drove mussel transport at one relatively reflective
shore and at one more dissipative intertidal platform,
respectively, also in agreement with wave theory.
However, there are intrinsic limitations in this study
which hinder our ability to extract definitive con -
clusions. Because of the enormous logistical difficul-
ties and hazardous conditions within the surf zone, it
was not possible to obtain measurements of larval
vertical distributions and orbital velocities, nor was it
possible to sample more than 2 sites simultaneously.
Therefore, as we lack long time series of daily settle-
ment and spatial replication, the hypothesis that
orbital velocities drive larval transport over large
areas during significant periods of time can not be
tested. Although we consider that together these
results point to an effect of topographically modu-
lated bed-load transport of mussel larvae across the
surf zone and towards intertidal settlement habitats,
the mechanisms proposed here must be taken with
caution.

Clear positive relationships between wave height
and mussel settlement rates have been previously
observed in central Chile and were hypothesized to
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Fig. 6. The 10 d time series of daily averaged settlement
rates for (A) 2015, (B) 2016 and (C) 2017 for mytilids. Note 

y-axis differences in scales for 2015. Error bars: SD
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be the result of near-bed transport of relatively
heavy, sand-grain like larvae (Navarrete et al. 2015).
The absence of competent mussel larvae in the water
column just off the surf zone (Navarrete et al. 2015,
Bonicelli et al. 2016) and their presence at subtidal
bottom collectors (Navarrete et al. 2015, this study)
support this hypothesis. In agreement with these ob -
servations, thread drifting post-larval stages have not
been observed in Perumytilus purpuratus nor in

Semimytilus algosus in contrast with other mussel
species (McQuaid & Phillips 2000, Shanks & Shear-
man 2011). However, even within the bottom bound-
ary layers, the symmetric wave-induced oscillating
orbital velocities that are perceived in the seafloor as
waves approach shallow habitats may not induce
shorewards net bed-load transport because onshore
movements of particles will be compensated by off-
shore displacements of the similar magnitude. Thus,
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Fig. 7. Regressions between daily averaged mussel settlement rates and environmental variables at all sites and years. Positive
and negative orbital velocities point to shorewards and seawards currents, respectively, for the cross-shore component (C). For
the alongshore component, positive values point to poleward currents (D). Results from ordinary least squares (OLS) linear re-
gression are presented only for significant fits (p < 0.05) with continuous lines and for those explaining more than 30% of total
variability with dashed lines, whenever the linear trend provided a reasonable and better fit to the data than a power relation-
ship. Grey and black lines: linear fits for 2016 and 2017, respectively. When a power function provided better fit to the data (D),
we present that fitted line and results from a log−log regression. In (D) a highly significant power relationship for all Estacion 

Costera de Investigaciones Marinas (ECIM) data is represented with a green line
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onshore-skewed orbital velocities are required to
produce net onshore movements, and these are
known to be commonly generated by wave fields
with a unimodal period dominated either by wind
seas or by swell seas characterized by shorter and
longer periods, respectively (Crawford & Hay 2003).
On the contrary, when both components coexist lead-
ing to bimodal wave frequency spectra, offshore-
skewed orbital velocities are typically produced,
which is apparently caused by non-linear, high-order
interactions between the different components of the
frequency wave spectrum (Nielsen 1992, Crawford &
Hay 2003). To broadly characterize this variability in
wave frequency spectra in space and time, the swell
energy fraction was calculated for the world’s oceans
based on modeled wave climate time series (Fan et
al. 2014). Patterns revealed the prevalence of uni-
modal swell wave spectra, with values higher than
80% over large regions along the Eastern Pacific
shores, including central Chile and US west coast,
while other areas showed co-dominance by swell
seas and wind seas, like the US east coast with swell
fractions of around 50% (Fan et al. 2014). Conse-
quently, broad spatial analyses of wave regimes sug-
gest pre valent onshore skewed near-bottom trans-
port in our study region, in contrast with other areas,
although current large-scale climatic forcing is
affecting spatial distributions of swell regimes at
some regions (Fan et al. 2014).

We expand results found in Navarrete et al. (2015),
first by showing that at 2 new sites, one within the
same general upwelling conditions as the one used in
the previous study (upwelling shadow, ECIM) and at
another site under contrasting upwelling condition
(upwelling hotspot, Punta Lobos), mussel settlement
was positively related to wave height, except during
seasons when settlement was at near failure at
ECIM. Second, we calculated the wave-induced or -
bital bottom currents, which should be the proximal
near-bottom larval transport mechanism across the
surf zone, and our data for 3 consecutive settlement
seasons, 2 mussel species, and 2 sites support the
hypothesized model. In addition, when orbital bot-
tom flows are corrected by the surf zone slope of the
site, both sites conform to a general common pattern:
a monotonic increase of settlement as wave-induced
currents increase with respect to the surf zone slope,
with low settlement rates at ECIM 2015 and 2016
 corresponding to low speed factor values (Fig. 7B).
Further evidence of a general process was obtained
by removing the intercept of the individual linear fits,
thus removing inter-annual and between-site varia-
tion in mean settler availability and showing that all
sites and seasons collapse into one general relation-
ship that can explain over 87% variation in daily
mussel settlement (Figs. 7 & 8), with the exception of
ECIM in 2016. For the latter data set, settlement rates
increased much faster at relatively low SF values
than expected by the apparently general pattern de -
picted in Fig. 8. Clearly, other factors also influence
the daily rates of settler arrival to the intertidal zone.

Together, these results point to 2 different wave-
related processes or components acting on larval de -
livery to the intertidal shore, which are generally
consistent with sediment transport theory. Although
such mechanisms have been studied mainly at sandy
beaches and have not been tested at more complex
rocky shores (Wright & Short 1984, Kamphuis et al.
1986), our results match remarkably well the patterns
expected to be caused by bed-load transport. Waves
transport and pile up sediment in the nearshore by
both cross-surf zone transport, from subtidal habitats
into the intertidal zone, and by alongshore transport
within the surf zone (Wright & Short 1984, Kumar et
al. 2003). The prevalence of 1 of these 2 components
over the other depends on surf zone topography and
predominant wave direction. Cross-shore transport
will be generally more important at relatively flat,
dissipative shores where the slope does not impose a
barrier to shorewards advection. On reflective
shores, the steep slope becomes a barrier to onshore
particle transport, while alongshore transport in -
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Fig. 8. Ordinary least squares (OLS) regression between cor-
rected, de-seasoned daily averaged settlement rates and the 

speed factor for all data sets
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creases along these narrow surf zones (Mariño-Tapia
et al. 2007). In fact, according to engineering models
derived from field measurements (Kamphuis et al.
1986, Kamphuis 1991), beach steepness is a factor
that increases alongshore transport rates with in -
creasing wave height. This effect is due to a concen-
tration of alongshore flows within narrow surf zones
at steep, concave beach profiles (Kamp huis et al.
1986). It is unclear at which shore slope the mode of
surf zone transport switches from predominantly
alongshore to predominantly cross-shore, but it may
fall in between our estimates for ECIM and Punta
Lobos. The slope-dependent nature of sediment
transport in the nearshore is consistent with our ob -
ser va tions. Across the flat surf zone of Punta Lobos,
cross-shore orbital velocities explain most of the vari-
ability in daily mussel settlement, overriding the
effects of alongshore wave-induced flows. The re -
verse is true at the 5-fold steeper shores of ECIM,
where alongshore flows explain daily settlement for
3 different years. The relationship is mostly driven by
the 2016 data set at ECIM, when settler abundances
reached up to 40 ind. collector−1 d−1 at the same time
that 1.5 m waves from the northwest were registered.
Given the southwest-facing coast at ECIM (196°),
these waves were primarily parallel to the shore.
In addition, alongshore currents driven by wave-
induced shear stress can potentially boost this along-
shore transport (Reniers et al. 2004, Walstra et al.
2012), thus contributing to the rate at which mussel
settlement increases with alongshore orbital veloci-
ties and speed factor (Figs. 7D & 8). We should note
that in this model explanation we have not explicitly
considered the role of the drift currents, residual
alongshore currents, and undertow flows that form
within the surf zone after breaking waves (Morgan et
al. 2017) and which undoubtedly modify the effect of
orbital currents on particle transport to the intertidal
zone. We should also note that within this developing
field, the terminology used can be confusing and
overwhelming.

Near-bottom cross-shore transport may be an ef -
fective means of crossing relatively flat surf zones for
competent veliger larvae which are negatively buoy-
ant (or can swim downward), and have completed
development offshore. At these shores, a slight in -
crease in wave height creates a large increase in the
area of the surf zone that is affected by near-bed bot-
tom transport (Fig. 3) and, in turn, of the potential lar-
vae that can be transported onshore. Thus, the semi-
permeable barrier to larval settlement represented
by the surf zone (Rilov et al. 2008, Pineda et al. 2010,
Morgan et al. 2016) may be easily crossed by mussel

veligers at relatively flat, dissipative shores like
Punta Lobos but probably not at steeper sites like
ECIM. At these more reflective shores, high daily set-
tlement rates are likely due to faster wave-induced
currents parallel to the shore within the surf zone.
While in this steep coast larvae would primarily be
transported alongshore, changes in shoreline orien-
tation and topography over scale of 10s to 100s of m
should allow larvae to cross the surf and be carried
alongshore. Thus, peaks in the number of settlers at
ECIM may correspond to a mix of larvae that settle
offshore of the surf zone, and larvae which were
entrained in the surf zone some distance upstream
from the site and tumbled downstream.

Shanks and collaborators (Shanks et al. 2010, 2017)
proposed a similar mechanism of cross-surf zone
transport, which is also modulated by waves and surf
zone topography. In essence, at dissipative shores,
surface rip currents flowing offshore generate strong
recirculation cells necessary to balance the offshore
flows, increasing water exchange between the surf
zone and the inner shelf. At reflective shores, there is
not such an effect due to the near absence of rip
 currents; water exchange decreases, while strong
undert ow flows are common (MacMahan et al. 2006).
Consistent with these transport mechanisms, lower
abundances of several zooplankters were found
within the surf zone than offshore at more reflective
sites, while the opposite occurred at dissipative
shores (Morgan et al. 2016, 2017). Moreover, support
for this general model and its validity at both rocky
and sandy shores also comes from observed spatial
patterns of barnacle recruitment rates, as they in -
creased with surf zone width along the west coast of
North America, irrespective of the type of shore
(Shanks et al. 2017). It is clear that the near-bottom
bed-load transport model we proposed here will not
operate for larvae that cannot sink to the bottom and
do not have effective body density comparable to
sand grains when not swimming. For instance, our
concurrent observations of kelp crab Taliepus spp.
settlement, collected at the same time and same
study sites, showed that daily settlement does not
present any association with waves. Nor have we
observed a relationship between daily barnacle set-
tlement and wave parameters in our previous studies
(F. T. Tapia & S. A. Navarrete unpubl. obs.). Some
zooplankters may even show opposite relationships
with wave height if they exhibit different behaviors
or attributes. For example, some zooplankter abun-
dances within the surf zone at a reflective pocket
beach in California decreased with wave height
(Shanks et al. 2015, Morgan et al. 2016). This trend
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was thought to be driven by resuspension caused
by high waves which may expose the larvae to sea-
wards return flows above the bottom boundary layer
(Shanks et al. 2015, Morgan et al. 2016). Neverthe-
less, the trend was weaker for gastropod and bivalve
veligers, the heaviest larvae analysed in that study,
which may not be suspended in the water column by
wave action for a long time. In addition, it is not easy
to make a comparison between systems as ranges of
wave height barely overlapped, being in general
smaller during sampling in California (0.15−0.75 m)
compared to our observations (0.4−2.5 m; Fig. 4). Bet-
ter in situ characterization of wave regimes and/or
improved wave prediction models for the coastal
zone will undoubtedly contribute to our understand-
ing of larval transport through the surf zone in differ-
ent regions of the world.

Because near-bed, wave-induced bottom transport
of mussel larvae must be modulated by nearshore
topography, substantial spatial variability in settle-
ment rates is expected. Wave conditions can remain
similar on scales of 100s of km at the open ocean
(Collard et al. 2009), but as waves approach the
shoreline, landscape characteristics introduce meso-
and small-scale variability. If waves are homogenous
and altered little by coastal topography, it should be
expected that synchrony in daily intertidal mussel
settlement over larger spatial scales could occur. If
the waves are not coupled between sites, then mus-
sel larval delivery should not be synchronous. Al -
though our time series are too short to definitively
prove this kind of temporal associations, our data
suggest that synchrony in settlement rates between
ECIM and Punta Lobos varied with season, depend-
ing on predominant wave direction. For the 2017 sea-
son, when very similar wave fields from the south-
west affected both locations (Fig. 4), but induced
very different, site-specific transport, mussel settle-
ment was very different between both sites. On this
year, southwesterly waves produced significant bot-
tom cross-shore orbital velocities which were able to
produce onshore transport across the flat surf zone of
Punta Lobos, but not at the much steeper shores of
ECIM. In 2016, northwesterly waves between 11 and
16 January at both sites (Fig. 4) produced orbital
velocities most responsible for larval transport at
each site (alongshore and cross-shore velocities at
ECIM and Punta Lobos, respectively), which resulted
in a simultaneous increase in settlement at these 2
distant sites (Fig. 6).

Our temperature measurements did not correlate
with mussel settlement patterns at any site or any
year (Fig. 7), despite that there were marked differ-

ences in temperature (Fig. 5) due to the effects of El
Niño during the 2016 season, while an incipient La
Niña affected the 2017 season, according to the
multi variate ENSO index time series (https://www.
esrl.noaa.gov/psd/enso/mei/table.html). The lack of
influence of thermal variability on settlement could
be artificially produced by the short length of the
time series, which may not be long enough to capture
significant fluctuations affecting larval transport
(Shanks 2009). However, even within these short
10 d periods, conspicuous daily fluctuations could be
observed (Fig. 5) and our sites were located within a
domain south from 32° S where thermal conditions
are known to vary on short time scales (Tapia et al.
2014).

In conclusion, wave-induced bottom flows influ-
enced by topography have been identified as drivers
of intertidal settlement of mussel larvae. Accounting
for the morphology of the surf zone, i.e. slope, and
shore orientation with respect to prevailing waves
allows understanding of the potential proximal trans-
port mechanisms and explains daily settlement vari-
ation across sites and years. A simple analysis shows
that slope-corrected orbital velocities can account for
almost 90% of the daily variability in mussel settle-
ment at the study sites over multiple years. It is clear
that, despite the generally good results obtained by
our quick approximation to bathymetric profiles, ad -
vancing our mechanistic understanding and testing
the proposed model requires direct high resolution
bathymetric profiles and in situ measurements of surf
zone orbital and residual currents with simultaneous
larval surveys. We do not claim that our model is gen-
eral to all or perhaps even most intertidal species, nor
that it is of the same importance in systems of differ-
ent wave climates, but for those whose larval stages
can sink, mechanisms akin to bed-load transport can
be an important way to cross the semi-permeable
surf zone barrier. To test this hypothesis in the future,
detailed vertical samplings of mussel veligers should
be carried out across the surf zone through a range of
wave and topographic conditions. In addition, long-
term recruitment data at different coastal systems
can be compared with wave climate time series to
assess the importance of bed load transport in the
dynamics of bivalve intertidal populations.
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