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Near-coastal retention of larvae affects the ecology of manymarine species. In coastal upwelling ecosystems hav-
ing strong offshore transport, larval ecology is greatly influenced by nearshore retention in bays and in the lee of
headlands. Further, frontal dynamics along the periphery of retention zones can drive larval accumulation and
transport. The purpose of this study is to examine larval distributions and associated processes across a retention
zone and its peripheral front in the coastal upwelling environment of Monterey Bay, California, USA. During fall
2009 an autonomous underwater vehicle (AUV)was used to observe environmental variability at high resolution
and acquire targeted water samples. Invertebrate larvae in samples were subsequently identified and quantified
usingmolecularmethods. To infer ecological processeswe examine larval distributions in relation to environmen-
tal processes revealed by the AUV data and the greater regional observing system. As a window into biological–
physical interactions that may concentrate motile larvae in convergence zones, we examine more extensive in
situ and remote sensing observations that describe distribution patterns of motile phytoplankton. During the
10-day study intensification of upwelling caused flow of cold water into the bay and formation of an upwelling
front. Drifter and satellite observations showed retention of near-surface water within the bay inshore of the
front, where a bloom of motile phytoplankton intensified. Larval distributions were related to processes inferred
at a range of scales. At the scale of the retention zone, dense phytoplankton accumulations indicated concentra-
tion of motile plankton in a convergence zone created by flow toward the coast, as well as nutritional support for
larvae. At the scale of the front, velocity and water property measurements indicated convergence between cold
deep-shelf water transported shoreward along shoaling bathymetry and the overlying warm surface water,
influencing plankton accumulation and vertical transport. At the finest scales resolved, aerial photography re-
vealed banded accumulations of dense phytoplankton bloom patches and narrow foam lines, common indicators
of small-scale convergence zones and consistent with internal wave processes. Exceptionally high larval concen-
trations were detected in samples from locations affected by frontal and internal wave dynamics. This study illus-
trates how autonomous feature recognition and targeted sampling with an AUV, applied within the greater
context of multidisciplinary observation across regional to small scales, can advance plankton ecology research.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

As agents of population persistence and connectivity, larvae are
essential to the structure and function of coastal marine ecosystems
(Carson, 2010; Cowen et al., 2006; Mace andMorgan, 2006). Advancing
the understanding of larval ecology is thus essential to effective ecosys-
tem based management (Davoren et al., 2007; Sponaugle, 2009). Only
through understanding processes of larval ecology – and the associated
forcing, scales, and interactions – can we design marine reserves to
effectively sustain the biodiversity and resilience of marine communi-
ties (Fenberg et al., 2012; Gaines et al., 2010; Palumbi, 2003). However,
; fax: +1 831 775 1620.
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oodson).
difficult research challenges are presented by the small size of larvae
relative to the scales of ocean dynamics, as well as the inherent com-
plexity, patchiness and variability of both coastal marine ecosystems
and larval populations. These challenges hinder our ability to under-
stand the survival and transport of larvae and the cascading effects on
ecosystems. This study presents results from novel methods designed
to overcome some of these challenges. These methods integrate high-
resolution multidisciplinary sensing and adaptively targeted sampling
conducted simultaneously by an autonomous underwater vehicle
(AUV), providing effective observation and sampling of plankton patch-
iness and its ecological context.

The study region, Monterey Bay (Fig. 1), resides in the dynamic
California Current upwelling system. In coastal upwelling systems, an
immense supply of nutrients to the photic zone supports tremendous
productivity – from phytoplankton through zooplankton, fish, mammals
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Fig. 1. Environmental setting and study design. (A) Geographic position of the study region along the northeastern Pacific margin. Fall climatological averages of (B) sea surface
temperature (SST) and (C) chlorophyll fluorescence line height (FLH) from the MODIS Aqua satellite sensor are based on data from 2004 to 2008. The triangle over northern Monterey
Bay represents the surface track of repeated AUV surveys conducted between 29 September and 8 October 2009.MooringsM0 andM2 provided continuous hourlymeasurements during
the study (Figs. 2, 7). The star and square symbols indicate the locations for which predicted tidal height and zonal wind data, respectively, are examined relative to variation in water
column conditions and circulation (Section 3.4).
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and birds (Barber and Smith, 1981). While high primary productivity
enhances larval food supply, strong offshore transport of surface water
that drives coastal upwelling threatens larvae that must remain near
shore for successful recruitment to adult habitats. In this context, bays
and areas in the lee of coastal headlands, described as retention centers
or upwelling shadows, are crucial (Graham et al., 1992; Morgan et al.,
2011; Roughan et al., 2005).

Northern Monterey Bay contains a large retentive upwelling
shadow (Graham et al., 1992). Physical distinction of this feature is
evident as the warmest long-term averaged sea surface temperature
(SST, Fig. 1B), while biological distinction at the level of phytoplankton
is evident in the corresponding average of chlorophyll fluorescence
(Fig. 1C). The spatial patterns of these distinctions represent regional
atmospheric and oceanic circulation patterns, as shaped by coastal
geomorphology (Breaker and Broenkow, 1994; Graham and Largier,
1997; Rosenfeld et al., 1994). Upwelled water typically approaches the
bay as an along-coast flow from the north, originating around Point
Año Nuevo (Fig. 1B). Eastward turning of the coastline at the northern
end of the bay results in separation of upwelling flow from the coast,
and a cyclonic gyre typically forms in the northern bay. The Santa Cruz
Mountains along the bay's northern coast buffer northwesterly wind
stress, thereby reducingwind-forced verticalmixing and enabling strat-
ification. These geomorphological influences locally enhance residence
time and thermal stratification in the upwelling shadow. Elevated chlo-
rophyll concentrations in the upwelling shadow (Fig. 1C) reflect the
blooming of phytoplankton within the relatively warm and stratified
environment into which nutrients are episodically transported (Ryan
et al., 2008, 2009, 2011). These conditions lead to comparatively great
abundance and diversity of zooplankton within the upwelling shadow,
the biological attribute essential to original distinction of the upwelling
shadow as an ecological phenomenon (Graham et al., 1992).

The significance of retention centers and their peripheral fronts
to larval ecology off northern California has been studied. Larval settle-
ment and recruitment are greater in the sheltered lee of coastal head-
lands south of Point Reyes and Bodega Head than along the exposed
coastline at Bodega Head (Mace and Morgan, 2006; Wing et al., 2003).
Larvae of multiple taxa in all stages of development can be entrained
and accumulated in a recirculation feature in the lee of Bodega Head
(Morgan et al., 2011). Accumulation within retention zones during up-
welling has been hypothesized as amechanism of larval supply tomore
exposed and recruitment-limited sites when regional wind relaxation
causes poleward transport around the coastal headland of the retention
zone (Mace and Morgan, 2006; Wing et al., 2003). Integration of satel-
lite remote sensing and in situ measurements of larval recruitment off
California reveal that coastal upwelling fronts, including those that
form along the periphery of retention centers, organize recruitment
patterns of both community-building invertebrates in intertidal habi-
tats and fishes in nearshore rocky reef habitats (Woodson et al., 2012).
Hypothesized mechanisms include convergent flow at the front,
which can drive accumulation of swimming larvae, and along-front
transport toward the coast, which can funnel larvae to nearshore
recruitment sites (Woodson et al., 2009). While these mechanisms
have a sound theoretical basis, larval accumulation in the Monterey
Bay upwelling shadow front has not been observed directly.

The importance of retentive zones and fronts to larval ecology
motivates development and application of better methods to observe
processes and sample populations. In this study we employ an AUV de-
veloped to respond to feature recognition based on real-time analysis of
environmental data, and to acquire precisely located water samples.
Larvae in samples are identified and quantified by molecular methods.
These high-resolution observations are placed in a regional ecological
context with multidisciplinary observations of a greater ocean observ-
ing system, to infer processes of importance to larval ecology. Our objec-
tives are to describe ecological processes across horizontal scales of
~102 to 104 meters and to relate observed distributions of invertebrate
larvae and phytoplankton to these processes.

2. Materials and methods

2.1. AUV surveys

The primary platform for observation and sampling was the Dorado
AUV. Dorado has been applied to study a variety of complex coastal
ocean processes in the Monterey Bay region, including zooplankton
ecology (Harvey et al., 2012; Ryan et al., 2010a), phytoplankton ecology
(Ryan et al., 2008, 2010b, 2014), upwelling dynamics (Fitzwater et al.,
2003; Ryan et al., 2011), nutrient-based primary productivity rates
(Johnson and Needoba, 2008), frontal processes (Ryan et al., 2010c),
and internal wave dynamics (Cazenave et al., 2011). Toward effective
plankton ecology research, the focus of the present study, the Dorado
AUV provides key enabling capabilities: (1) a multidisciplinary sensor
suite for measuring physical, chemical and optical properties, (2) fast
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propulsion that supports synoptic observation in rapidly changing envi-
ronments, (3) a rapid-intakewater sampling system that permits acqui-
sition of highly localized sampleswhile the vehiclemoves at high speed,
and (4) autonomous algorithms that targetwater sample acquisition on
ecological features of interest (Section 2.2).

Because of the importance of observing water column structure and
variability in coastalmarine ecology research, the AUVmissions utilize a
depth oscillation behavior while transiting between geographic
waypoints, resulting in a ‘sawtooth’ sampling trajectory throughout
the water column. The top of the depth envelope is fixed at 2 m and de-
tected by measurement of pressure. The bottom of the depth envelope
is variable and determined by acoustic detection of the bottom; in this
study the AUV maintained a minimum altitude of ~7 m above bottom.
Geographic position is determined by integrating data from periodic
surfacing for GPS acquisition and Doppler-aided velocity estimates
while the vehicle is underwater. Further details of the Dorado AUV, its
sensors, and its water-sampling system are available in prior publica-
tions (Bellingham et al., 2000; Bird et al., 2007).

Design of the AUV survey track for this experiment was based on
climatological patterns of SST and chlorophyll fluorescence from the
Moderate Resolution Imaging Spectroradiometer (MODIS) Aqua satel-
lite sensor (Fig. 1). Previous analyses have shown that fluorescence
line height (FLH) from MODIS is more effective at describing intense
blooms (Ryan et al., 2009), and the patterns of these blooms of motile
phytoplankton are relevant to zooplankton ecological research, thus
weused FLH instead of band-ratio chlorophyll estimates. The processing
methods for the MODIS data are published (Ryan et al., 2009). The
triangular AUV survey track (Fig. 1) was planned to achieve two goals:
(1) sample differentwater types (recently upwelled, upwelling shadow,
and the front between them), and (2) provide high-frequency repeat
coverage in order to observe frontal dynamics. Frontal observations
were anticipated to be most effective along the southeastern transect
of the triangular AUV track, running approximately perpendicular to
the mean front (Fig. 1B). Between 29 September and 8 October 2009,
the AUV surveyed a distance of ~317 km in 12 partial to full iterations
of the triangular track and acquired 36 water samples along with
high-resolution ecological context from amultidisciplinary sensor suite.

To examine physical and biological patterns in the AUV observa-
tions, we present data from two sensors. The first is a Sea-Bird Electron-
ics conductivity, temperature, depth (CTD) with SBE3 temperature
sensor, SBE4 conductivity sensor, and SBE25 board set. Due to fouling
of the CTD conductivity cell, caused by organic matter from abundant
gelatinous zooplankton, salinity data were problematic and thus not
used. The second is a HOBI Labs HS-2 sensor that measured chlorophyll
fluorescence at 700 nm and optical backscattering at 420 and 700 nm
wavelengths; data from this sensor were the basis for autonomously
targeting water sampling.

2.2. AUV targeted water sampling

The Dorado AUV supports autonomously targeted whole water
sampling of features identified by real-time analysis of sensor data.
The algorithms used for feature identification are modular and adapt-
able. In the present study, algorithms developed for sampling within
and outside of phytoplanktonpatcheswere deployed. The primary algo-
rithm integrates multiple capabilities (Zhang et al., 2010, 2012). By
targeting sampling at coincident peaks in fluorometric chlorophyll and
optical backscattering, the algorithm ensures that subsurface peaks in
chlorophyll fluorescence are true biomass maxima and not due to
quenching of fluorescence near the surface (Cullen and Eppley, 1981;
Holm-Hansen et al., 2000). By accumulating statistics of optical data
within a temporal window, the algorithm adapts its sensitivity to ambi-
ent conditions. By enforcing minimum temporal separation between
samples, the algorithm allocates sampling capacity within a survey.
Most (72%) of the samples were acquired using the primary algorithm.
The secondary algorithm was a simpler predecessor that controlled
triggering of sample acquisition according to a predefined threshold in
fluorometric chlorophyll values. It was used for comparative purposes
because this experiment was the first in which the primary algorithm
was being applied.

2.3. Larval identification and quantification

We used the sandwich hybridization assay (SHA), a detection sys-
tem that quantifies target organism RNA molecules, to identify and
assess relative abundances of mussel and barnacle larvae from AUV
water samples (Goffredi et al., 2006; Harvey et al., 2013; Jones et al.,
2008). Details of AUV Gulper water sample filtration, preservation and
analysis by SHA are reported elsewhere (Goffredi et al., 2006; Jones
et al., 2008; Ryan et al., 2010a). Numbers of invertebrate larvae per
liter were estimated from SHA optical absorbance measurements
(λ = 450 nm), which were calibrated using SHA dosage response
curves reported by Goffredi et al. (2006) for Balanus glandula, and by
Jones et al. (2008) for Mytilus edulis.

2.4. Regional ecological context

Regional ecological context was derived from remote sensing and in
situ data. Two forms of satellite remote sensing datawere used to exam-
ine the evolution of regional conditions during the study. The first was
SST from the Advanced Very High Resolution Radiometer (AVHRR),
which offers better temporal resolution thanMODIS. AVHRR processing
methods are documented (Ryan et al., 2010c). The second was full-
resolution (300 × 300 m) Maximum Chlorophyll Index (MCI) images
from the Medium Resolution Imaging Spectrometer (MERIS). The MCI
quantifies the height of a near-infrared spectral peak caused by dense
near-surface accumulations of motile phytoplankton (Gower et al.,
2005). MCI has been used for studies of phytoplankton ecology in Mon-
terey Bay and is an effective indicator of regions where convergent
circulation results in the accumulation of motile dinoflagellates (Ryan
et al., 2008, 2009, 2014). In this study,MCI images provided information
on the patterns of physical–biological coupling that may cause accumu-
lation of larvae and other swimming zooplankton. To examine small-
scale patterns of phytoplankton accumulation, we used photographic
observations of the study area acquired from an altitude of ~300 m on
6 October 2009.

Two moorings provided data for regional environmental context
(Fig. 1B). Winds at mooring M2, ~25 km seaward of the bay mouth,
represent regional wind forcing to which the upwelling centers north
and south of Monterey Bay respond. Wind measurements were ac-
quired using a R.M. Youngwindmonitor, model 05103.Water property
and velocity measurements at mooring M0 describe hydrographic and
circulation variability at the southern vertex of the AUV track (Fig. 1B).
Considering the cyclonic circulation that typically develops within the
bay during upwelling, data collected at M0 effectively describe the
influence of upwelled waters entering the upwelling shadow. Water
property measurements were acquired using Sea-Bird MicroCAT
CTD sensors. A drifter designed to describe near-surface circulation
(Manning et al., 2009) was deployed at the northeastern vertex of the
AUV survey track during the period of peak upwelling response. The
drifter's drogue was 1 m tall and was tethered 1 m below the surface.

3. Results and discussion

3.1. Environmental conditions

The studyperiodwasdominated by regional responses to upwelling.
Transition from weak poleward winds to stronger equatorward
(upwelling favorable) winds preceded the start of AUV surveys
(Fig. 2A). Decreasing temperature and increasing salinity at mooring
M0 defined the influence of upwelled water on the study domain, and
most of the AUV observations occurred when the local anomalies of
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upwelled water (cold, salty) were greatest (Figs. 2B, 5–8 October). The
temporal lag between upwelling wind forcing (Fig. 2A) and hydro-
graphic conditions of upwelling response at M0 (Fig. 2B) was due to
advection from the upwelling center at Point Año Nuevo. Satellite SST
images show advection patterns and reveal the regional consequences
of upwelling (Fig. 2C–E). During the period of weak winds, 26–28
September, the bay was relatively warm and contained weak SST
gradients (Fig. 2A–C). Following transition to stronger and upwelling-
favorable winds, cold water that originated in the Point Año Nuevo up-
welling center flowed into the bay. Resulting enhancement of thermal
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Fig. 3. Hovmoller plot of near-surface (averaged 3–5 m depth) temperature for the southeaste
gradients at the upwelling shadow front was evident within the AUV
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SST in the study region was not clearly visible to satellite remote
sensing during 3–8 October, precluding description of regional patterns.
However, in situ observations show persistence of the upwelling anom-
alies and front. Cold, salty conditions intensified at M0 during 3–6
October (Fig. 2B). Although these anomalies weakened during 7–8
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(Fig. 2A,B). The southeastern AUV transect was oriented cross-shelf in
the region where satellite SST showed the strongest front on 2 October
(Fig. 2E). This transect was also most consistently sampled throughout
the AUV time series. Near-surface temperature along this transect
showed the development of the upwelling front, its persistence through
the end of the study, and intensification of its gradients at the end of the
study, 7–8 October (Fig. 3).

3.2. Overview of invertebrate larval abundance data

Larval abundance data are represented in temporal, spatial and
ecological contexts in Fig. 4. Mussel and barnacle larvae were detected
in AUV-acquired water samples throughout the time-series. Larval
concentrations ranged between 0 and 90 L−1 (Fig. 4A). The highest lar-
val concentrations were sampled late in the study period (Fig. 4A),
when hydrographic anomalies of upwelling persisted at M0 (Fig. 2B)
and frontal gradients were strongest (Fig. 3). Although the AUV
could have sampled anywhere along the triangular survey track, most
of the samples (89%) were acquired along the southeastern transect
(Fig. 4B). This resulted from the application of autonomous sampling al-
gorithms designed to target patches of high phytoplankton abundance
(Section 2.2) and the presence of an intense phytoplankton bloom
intersected by the southeastern transect (Section 3.3). Samples were
acquired across a large range of chlorophyll concentrations and temper-
ature (Fig. 4C). At a given temperature, higher larval abundances were
typically detected in water having higher chlorophyll concentrations;
this is emphasized for the two highest larval abundances detected
(Fig. 4C). In Sections 3.4 and 3.5, we examine the full time-series
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along the southeastern AUV transect to illustrate processes and explore
how physical processes related to exceptionally high larval abundances.

3.3. Influences and inferences from a dense phytoplankton bloom

Immediately prior to the start of AUV observations, a phytoplankton
bloom was concentrated near the coast east of the AUV survey domain
(Fig. 5A). Following the upwelling pulse (Fig. 2) the bloom increased in
intensity and spatial scale (Fig. 5B, C). Phytoplankton-enriched fila-
ments that extended across the AUV survey track suggest transport of
near-coastal plankton into the AUV survey domain (Fig. 5B, C). Drifter
observations of near-surface transport revealed approximately diurnal
flow oscillations between inner shelf water, where the bloom was
detected by remote sensing during the day, and the eastern region of
the AUV survey (Fig. 5C). Drifter movement was consistent with reten-
tion of near-surface plankton within the upwelling shadow. AUV obser-
vation and sampling during 5–8 October occurred during most of each
day (17–19 hours), increasing the potential to encounter advecting
dense bloom patches (Fig. 5B, C).

In addition to influencing the spatial distribution of sampling
(Section 3.2), the phytoplankton bloomprovided ecological information
relevant to understanding larval distributions. Studies of the Monterey
Bay upwelling shadow show that exceptionally dense phytoplankton
patches can identify where motile phytoplankton accumulate through
biological-physical interactions (Ryan et al., 2008, 2009, 2014). Specifi-
cally, near-surface accumulation results fromupward swimming of cells
transported into convergence zones (Franks, 1997; Ryther, 1955;
Stumpf et al., 2008). Thus, evidence of phytoplankton accumulation in
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convergence zones is a visible description of the same physical–biological
interactions that may result in the accumulation of motile larvae.

Bloom observations indicate the presence of convergence at
multiple scales. The largest scale was that of the entire bloom domain,
reaching ~100 km2 (Fig. 5). During the upwelling response, the bloom
was most highly concentrated near the coast (Fig. 5B, C), suggesting
accumulation in a convergence zone that formed along the coastal
boundary due to shoreward flow of the upwelling filament (Fig. 2C–E).
Consistent with this interpretation, the surface drifter showed net shore-
ward transport, passing closer to the coast with successive diurnal oscil-
lations (Fig. 5C). Smaller scale convergence zones were indicated by
filamentous accumulations of phytoplankton. Satellite data revealed
finger-like accumulations on scales of ~1 kmwide×3km long extending
into the AUV survey domain (Fig. 5B, C). At yetfiner scales, aerial photog-
raphy revealed parallel bands of reddish water and associated surface
foam lines marking the bands' offshore boundary (Fig. 5D). The cross-
band separation of foam lines was ~100 m. Convergence indicated at
multiple scales was likely an important influence on larval distributions,
not only by accumulation of larvae through behavioral–physical interac-
tions, but also through influencing food concentrations.
3.4. Water-column structure, variability and inferred processes

The high spatial and temporal resolutions of the AUV transect series
support examination of processes relevant to larval abundance distribu-
tions. Physical–biological interactions of the phytoplankton can be eval-
uated using optical measurements made by the AUV and used to
interpret larval distribution data collected at much lower resolution
than the optical measurements. The southeastern transect was best
positioned for examination of frontal dynamics, and it wasmost consis-
tently and densely sampled (Sections 3.1 and 3.2). Three variables effec-
tively support this examination (Fig. 6). Temperature represents water
types and their frontal boundary, and the combination of chlorophyll
fluorescence and optical backscattering represents the distributions of
particles subject to transport. Variation in water column structure is
examined relative to regional tidal and sea breeze forcing (Fig. 6,
top panel) and water column velocity at the southern end of the AUV
transect (Fig. 7).

Cooling of the upper water column caused by the upwelling re-
sponse (Figs. 2, 3) is pronounced in the AUV section series (Fig. 6A–C).
While the temperature range in the water column remained relatively
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and optical backscattering panels. The locations of autonomously triggered water samples are indicated by gray circles. Labels 1 and 2 (in chlorophyll transects K and L) identify locations
where the two highest larval concentrations encountered in this study were sampled.
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constant during the intensive observations of 5–8 October, the spatial
distribution of warm near-surfacewater relative to the underlying cool-
er water varied dramatically (Fig. 6C–L). The water velocity profile at
the southern end of the transect shows influence of vertical shear,
which was more prevalent in the cross-shore component (Fig. 7A)
than in the along-shore component (Fig. 7B). The first set of transects
observed during consecutive falling-rising-falling tidal phases was sam-
pled on 5–6 October (Fig. 6 top, transects c–e). During the rising tide,
cold (b12 °C) deep-shelf waterwas closer to the coast (Fig. 6D), relative
to the adjacent falling tidal phases (Fig. 6C, E). Shoreward movement
of the cold deep-shelf water followed a period of onshore transport
(Fig. 7A, shaded contours below 20 m during and following transect C).
Differential displacement of warm near-surface water and underlying
cold water was similarly evident in subsequent cycles of tidal variation
(Fig. 6F–H, I–K), consistent with the vertically sheared flow (Fig. 7A). Ve-
locity shear over the shelf may have been forced by tidal motions
(Baines, 1982) and/or inertial motions associated with the diurnal
winds (Simpson et al., 2002). Because of the similar periodicity and
timing of tidal and wind forcing during our study (Fig. 6, top panel)
and the relatively short period of this study, it is not possible to isolate
shear forcing mechanisms.

Associated with the strongly sheared flow, the synoptic structure
of the water column indicated convergence and associated vertical
circulation in the frontal zone. During the initial falling tide of the first
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well-sampled tidal cycle, a filament of phytoplankton-enriched water,
evident in both chlorophyll fluorescence and optical backscattering,
extended from the surface layer downward to nearly the seafloor
(between ~36.88 and 36.89°N in Fig. 6C). At that time, cross-shelf flow
was offshore in the upper 20 m and onshore below (Fig. 7A). We inter-
pret that convergence developed between the shoreward flowing cold
water, which was shoaling along the bathymetry, and the overlying
warm surface layer (Fig. 6C), and that the associated downwelling
transported phytoplankton downward from the surface layer. Follow-
ing further shoreward progression of the cold deep-shelf water, a phy-
toplankton biomass maximum extended from surface to bottom along
the shoreward face of the cold intrusion (Fig. 6D). These observations
suggest physical control over the distributions of phytoplankton
through downwelling in the convergence zone and shoreward advec-
tion with the cold intrusion.

While vertical transport of phytoplankton by physical processes
is indicated, biological influence is also evident. Phytoplankton
distributions exhibited a diurnal cycle consistent with light–modulated
swimming behavior. The AUV transects show accumulation of phyto-
plankton near the surface during the day (Fig. 6, chlorophyll panels C,
F, I, and L) and formation of subsurface maxima during the dark hours
of night to early morning (Fig. 6, chlorophyll panels D, E, G, H, J and
K). This apparent vertical migration is supported by the quasi-diurnal
vertical displacement of chlorophyll fluorescence signal relative to tem-
perature (Fig. 7C), which more clearly isolates vertical displacement
that may be due to behavior. These patterns are consistent with the be-
havior of dinoflagellates (Fig. 5), which swim to near-surfacewater dur-
ing the day for photosynthesis and down to the thermocline/nutricline
at night for nutrient acquisition (Smayda, 1997). This behavior has
been documented in studies ofMonterey Bay and related to dense accu-
mulations of cells at the surface and within the water column at the
nutricline (Ryan et al., 2009, 2010b; Sullivan et al., 2010). The leading
face of the cold intrusion was a nutricline (nitrate data not shown),
thus behavior may have also played a role in the repeated formation
of a phytoplankton abundance maximum along the leading face of the
cold intrusion (Fig. 6D, G, J, K).
3.5. Case studies of high larval concentrations

The maximum concentrations of both mussel and barnacle larvae
sampled in the entire study were found in a phytoplankton patch
along the shoreward face of the cold deep-shelf water, the only time
that a phytoplankton maximum in a transect was found adjacent to
the seafloor (label 1 in Fig. 6K). This sample is also distinguished as hav-
ing the highest chlorophyll concentrations of any sample acquired in its
temperature range throughout the study (Fig. 4C). The sample was
acquired when upwelling frontal gradients were the strongest of the
time-series (8 October in Fig. 3), which may imply stronger circulation
anomalies associated with frontal dynamics. We hypothesize that the
coincidence of high concentrations of phytoplankton and larvae adja-
cent to the seafloor resulted from accumulation through the interaction
of planktonic swimming behavior and downwelling in a frontal conver-
gence zone (Section 3.4), which may have occurred prior to and/or
during subduction to the bottom.

Although behavior may explain some of the subsurface accumula-
tion of phytoplankton (Section 3.4), it cannot fully explain the anoma-
lous attributes of the phytoplankton patch within which the highest
larval concentrations were detected. Vertical migration of the phyto-
plankton was constrained to temperatures greater than ~12.5 °C
(Figs. 6, 7C), whereas the phytoplankton patch containing the highest
larval concentrations was sampled in colder water (Fig. 6K). The white
circle in Fig. 7C during the night of 7–8 October emphasizes the location
of this high chlorophyll patch below the temperature range of phyto-
plankton diurnal vertical migration. These observations support the
conclusion that beyond behavior, downwelling in convergent frontal
circulation (Section 3.4) subducted phytoplankton, and presumably
larvae, to the bottom. In this dynamic frontal zone, autonomously
targeted sampling yielded detection of the highest larval concentrations
in our study within a phytoplankton patch locatedwhere wewould not
have predicted it to be – adjacent to the seafloor.

Previous studies have interpreted larval accumulation in fronts. A
conceptual model based on studies of intertidal barnacle recruitment
in theMonterey Bay region suggests that during upwelling larvae accu-
mulate in fronts where upwelled water interfaces with offshore water,
and during relaxation of upwelling recruitment pulses result from
transport of front-accumulated larval populations to the coast (Farrell
et al., 1991; Roughgarden et al., 1991). Wing et al. (1998) describe
crab and rockfish larvae being concentrated in an upwelling front in
the Gulf of the Farallones. Shanks et al. (2000) show that relaxing
upwelling fronts off the U.S. east coast may concentrate larvae and
transport them toward the coast. Accumulation of bivalve and gastro-
pod larvae is likewise known for convergent estuarine plume fronts in
Chesapeake Bay (Shanks et al., 2002). Intensive study of Monterey Bay
yielded a conceptual model in which accumulation of larvae results
from the interaction between flow convergence in the upwelling
shadow front and larval behavior, and enhanced recruitment results
from along-front transport of accumulated larvae toward the coast
(Woodson et al., 2009). Thismodel is supported by examination of fron-
tal locations defined by remote sensing data and recruitment data from
intertidal and nearshore reef habitats (Woodson et al., 2012).

The second highest larval concentrations of the entire study were
also sampled late in the experiment, when frontal gradients were at a
maximum (Fig. 3). The label 2 in Fig. 6L is located directly below this
sample, which was acquired within a dense phytoplankton patch near
the surface. In addition to a shallow thermal front at the seaward
boundary of the upwelling shadow (near 36.86°N), a sharper thermal
front was present within the upwelling shadow near 36.88°N, at
the shoreward end of the warm, chlorophyll-enriched patch that was
sampled. The sharpness of this frontal boundary was linked to internal
wave (IW) perturbation of isotherms, and the distribution of warm,
phytoplankton-rich surface water was modified by the IWs. The multi-
ple crests and troughs between 36.87°N and 36.88°N, decreasing
in amplitude with increasing water depth, indicate an IW packet.
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Assuming that the deepest IW trough toward the northern (inshore)
side was leading the wave packet, then the water sampled by the AUV
would have experienced two full wave oscillations (Fig. 6L). For linear
waves the effects of convergentwave troughs anddivergentwave crests
would presumably cancel through two complete wave oscillations.
However, the leadingwave was nonlinear, which can cause net conver-
gence due to asymmetry in the horizontal velocities and temperature
contours across the wave trough, and the potential development of a
trapped core of fluid within the wave (Lamb, 1997; Scotti and Pineda,
2004; Shroyer et al., 2010). The nonlinearity of the leadingwave is sup-
ported by the ratio of the wave amplitude (a = 8.7 m) to the surface
layer depth (H = 5.6 m): a/H N 1 (Barad and Fringer, 2010; Bogucki
and Garrett, 1993). Based on this criterion the trailing waves in the
packet appear to have been linear (a/H b 1).

Although no aerial photography coincided directly with these in situ
AUV observations, the influence of internal wave convergence on the
accumulation of motile phytoplankton in this area was clearly evident
in a photograph from two days earlier (Fig. 5D), with implications for
the accumulation of motile larvae. Larval accumulation and transport
by internal waves have been observed directly (Pineda, 1991; Shanks,
1983; Shanks and Wright, 1987). Additionally, internal wave influence
has been inferred from observed relationships between tidal amplitude
and larval settlement and recruitment. Shanks (2009) reports that
highly pulsed variation in larval barnacle settlement in Oregon coastal
waters can be largely explained by variation in tidal amplitude, while
much smaller settlement pulses are associatedwith the onset of upwell-
ing. From a 5-year study in Bodega Bay, Morgan et al. (2009) show that
recruitment in 7 out of 8 invertebrate taxawas intermittently correlated
with maximum tidal range.

In considering the relative importance of physical and biological
forcing of larval distributions, relative variation of different larval
species is relevant. For example, very different patterns of abundance
between different species may indicate that biological factors such as
spawning behavior and motility, and their interaction with environ-
mental variability, dominate control over larval distribution patterns.
Strong covariation in the abundance of barnacle and mussel larvae in
this study is suggested by representation of their abundances in tempo-
ral, spatial and ecological contexts (Fig. 4), and this is more directly
evident in a sample-to-sample comparison (Fig. 8). This suggests the
dominance of physical processes in controlling the distribution patterns
of these two larval taxa during our study.
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Fig. 8. Sample-to-sample comparison of mussel and barnacle larval abundances.
4. Conclusions

Forced by a spectrum of interacting environmental and biological
processes that span a great range of spatial and temporal scales, plank-
ton ecology is complex. By integrating multiscale, multidisciplinary
observations, we can augment detection of key processes driving
plankton ecology. In this study, observations from satellites, moorings,
drifters and an AUV specifically developed for plankton research were
integrated to examine phytoplankton and larval distributions and to
infer processes. Observations of phytoplankton distributions were rele-
vant to inferring processes driving larval distributions for two reasons.
First, processes evident in the relationships between environmental var-
iability and the distributions of motile phytoplankton have implications
for understanding the distributions of motile larvae. Second, unlike
larvae, phytoplankton distributions can be described with remote and
in situ optical sensing. Retention of near-surface water and plankton
within the upwelling shadow was evident in satellite and drifter obser-
vations. Formation of a convergence zone between inflowing upwelled
water and the coast was indicated by the spatial distribution of a phyto-
plankton bloom and the drifter trajectory. Accumulation of motile
phytoplankton within this ~100 km2 area represented the largest scale
at which behavioral–physical interactions may have resulted in plank-
tonic accumulation. At smaller scales, both remote sensing and in situ
observations indicated convergence driven by frontal and internal
wave dynamics, and associated accumulations of phytoplankton and
larvae. By simultaneously influencing the distributions of phytoplankton
and larvae, it is probable that convergence at multiple scales also influ-
enced the nutritional environment of the larvae.
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