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1.  INTRODUCTION

The spatial distribution of plankton in the ocean is
patchy in both space and time (Lasker 1975, Bennett
& Denman 1985, Bjørnsen & Nielsen 1991, Donaghay

et al. 1992). While aggregations of plankton are read-
ily observed at the surface, very dense, spatially
extensive aggregations of plankton can also occur
 subsurface, within vertically narrow depth ranges,
making them very difficult to detect by traditional
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ABSTRACT: The distribution of plankton in the ocean is patchy across a wide range of spatial and
temporal scales. One type of oceanographic feature that exemplifies this patchiness is a ‘thin
layer’. Thin layers are subsurface aggregations of plankton that range in vertical thickness from
centimeters to a few meters, which may extend horizontally for kilometers and persist for days. We
undertook a field campaign to characterize the biological, physical, and chemical properties of
thin layers in Monterey Bay, California (USA), an area where these features can be persistent. The
particle aggregates (marine snow) sampled in the study had several quantifiable properties indi-
cating how the layer was formed and how its structure was maintained. Particles were more elon-
gated above the layer, and then changed orientation angle and increased in size within the layer,
suggesting passive accumulation of particles along a physical gradient. The shift in particle
aggregate orientation angle near the pycnocline suggests that shear may also have played a role
in generating the thin layer. Pseudo-nitzschia spp. were the most abundant phytoplankton within
the thin layer. Further, both dissolved and particulate domoic acid were highest within the thin
layer. We suggest that phosphate stress is responsible for the formation of Pseudo-nitzschia spp.
aggregates. This stress together with increased nitrogen in the layer may lead to increased bloom
toxicity in the subsurface blooms of Pseudo-nitzschia spp. Several zooplankton groups were
observed to aggregate above and below the layer. With the knowledge that harmful algal bloom
events can occur in subsurface thin layers, modified sampling methods to monitor for these hidden
incubators could greatly improve the efficacy of early-warning systems designed to detect harm-
ful algal blooms in coastal waters.
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ob serving methods such as remote sensing, bottle
samples, or discrete-depth instruments. These fea-
tures, called ‘thin layers’, can be highly productive
and can contain multiple strata of organisms and
organic material, including harmful algal bloom
(HAB) species. Thin layers range in thickness from a
few centimeters to a few meters, may extend horizon-
tally for kilo meters, and may persist for days (Dekshe-
nieks et al. 2001). Understanding the biological,
physical, and chemical mechanisms driving this
patchiness will allow us to predict patterns of hetero-
geneity in coastal areas around the globe. This is crit-
ical knowledge as we move into an unprecedented
period in history, as our oceans’ biological popula-
tions, chemistry, and physical structures change with
rising average global temperatures and other sources
of anthropogenic  influence.

Since their discovery in the 1960s (Strickland 1968),
thin layers have been detected in both coastal and
open ocean waters worldwide. The bulk of these ob-
servations were made from the late 1990s to 2014,
driven by a rapid advancement in sampling methods
and technologies involving optical sensing (Cowles
et al. 1998, Dekshenieks et al. 2001, McManus et al.
2003), acoustic sensing (Holliday et al. 2003, Mc-
Manus et al. 2005, Cheriton et al. 2007, Sevadjian et
al. 2010, Benoit-Bird & McManus 2012), underwater
imaging (Alldredge et al. 2002, Greer et al. 2013),
towed vehicles (Cheriton et al. 2009, 2010), auto -
nomous underwater vehicles (Ryan et al. 2008, 2010,
Hodges & Fratantoni 2009), and airplane-based light
detection and ranging (Churn side & Donaghay 2009).

Additional interest in thin layers was stimulated by
the discovery that the onset of many HAB events
goes undetected because the HAB is initially concen-
trated in discrete thin subsurface layers in the water
column; these layers are easily missed by conven-
tional sampling and monitoring methods (McManus
et al. 2008, Berdalet et al. 2014, Raine et al. 2014,
Ryan et al. 2014, Sevadjian et al. 2014, Timmerman
et al. 2014).

Monterey Bay, California (USA), has been a focal
point for many investigations of thin layers. Work in
this system provided much of the observational foun-
dation for our current understanding of the mecha-
nisms generating thin layers. The bay is highly pro-
ductive and economically important in terms of both
fishing and tourism, and it has been identified as a
key HAB monitoring site and ‘hot spot’ for the West
Coast (Scholin et al. 2000, Trainer et al. 2000). HABs
are often observed in thin layers in this region
(McManus et al. 2008, Ryan et al. 2010, 2014, Greer
et al. 2013, Timmerman et al. 2014).

In this study, several instruments were deployed in
Monterey Bay in a comprehensive and complemen-
tary configuration to elucidate and quantify the bio-
logical, physical, and chemical properties of thin lay-
ers. Our results contribute a broad understanding of
the fundamental processes structuring the plankton
communities on the Monterey Bay shelf, and add to
our understanding of the mechanisms of thin layer
formation and their subsequent ecological impacts.

2.  MATERIALS AND METHODS

2.1.  Study area

Monterey Bay is a semi-enclosed bay located
between 36.5 and 37° N on the central coast of Cali-
fornia. An array of instruments was located in a study
area in the northeast region of Monterey Bay where
a well-characterized upwelling shadow, a warm
shallow lens of water trapped by topography, has
been observed (Graham & Largier 1997) (Fig. 1).

2.2.  Wind and tide data

Wind velocity and tidal stage data were obtained
from nearby stations and provide an important physi-
cal context for the measurements taken in this oceano-
graphic study. Regional wind data were obtained
from the National Oceanic and Atmospheric Admin-
istration National Data Buoy Center (NOAA/ NDBC)
buoy number 46042 (36.789° N, 122.404° W) (www.
ndbc. noaa. gov) located 51 km to the west-southwest
of the study area. Local wind data were  obtained from
a weather station at Long Marine Laboratory 13 km
west-northwest of the study area. Six-minute tidal
height data were ob tained from the NOAA Monterey
tide gauge (http:// tidesandcurrents. noaa.gov).

2.3.  Water column profiling

2.3.1.  SeaHorse

A SeaHorse autonomous vertical profiler (ODIM
Brooke Ocean) was deployed at the 20 m isobath,
near the center of the array from 27 June to 9 July
2010 (Fig. 1). The SeaHorse uses wave energy to con-
tinuously profile the water column. The payload is
slightly positively buoyant, and sensor data are col-
lected during ascending profiles. Upon reaching the
surface, a wave-driven, wire-gripping mechanism
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returns the payload to depth. The SeaHorse collected
profiles from 5 m above the bottom to 1 m depth
every 30 min. The sensor payload included a Sea-
Bird Electronics (SBE) model 19+ CTD, SBE-43 oxy-
gen sensor, and WETLabs WetSTAR chlorophyll
fluoro meter, each sampling at 4 Hz, resulting in a
vertical resolution of ~8 cm. Each sensor was factory-
 calibrated prior to the study. During the latter portion
of the study, the wire-gripping mechanism began to
foul and occasionally the package did not return to
depth after completing a profile.

2.3.2.  High-resolution profiler

A high-resolution profiling package was utilized
from 10:29 to 14:02 h on 5 July aboard a 10 m vessel
(RV ‘Paragon’, 36.9324° N, 121.9246° W) at a 20 m
horizontal distance from the SeaHorse moored pro-
filer (Fig. 1). The high-resolution profiler profiled the
water column (1 to ~21 m) with high temporal
(~5 min) and spatial (<1 cm) resolution. The high-
 resolution profiler was equipped with an SBE-25
CTD (8 Hz), SBE-43 oxygen sensor (8 Hz), ISUS
nitrate sensor (8 Hz), and WET Labs ac-9 spectral
absorption and attenuation meter (6 Hz).

The ac-9 absorption at 676 nm (ap676) and 650 nm
(ap650) were used to estimate chlorophyll a (chl a)
concentration based on Mobley et al. (2002) using
Eq. (1):

(1)

The high-resolution profiler was unaffected by
boat movement because it was designed to be on a
slack tether and slightly negatively buoyant. The
high-resolution profiler was released to profile with
an average descent rate of 13.2 cm s−1, achieving a
vertical resolution of <1 cm.

After Dekshenieks et al. (2001), peaks in the chl a
profiles had to meet several criteria in order to be
considered thin layers. First, the chl a peak was
required to be at least 3 times greater than back-
ground values. Second, the vertical thickness of the
peak (measured where the optical peak was a half
maximum intensity) had to be no thicker than 5 m.
Finally, the optical signal had to be present in 2 or
more subsequent profiles with the high-resolution
profiler. These are conservative criteria, which are
designed to eliminate ephemeral features or ‘pat -
ches’ not associated with a coherent layer (Dekshe-
nieks et al. 2001).

= −
achl

ap676 ap650
0.014

19

Fig. 1. (A) Study area in Monterey Bay, California (USA), showing the locations of the Long Marine Laboratory (LML) weather
station, National Oceanic and Atmospheric Administration National Data Buoy Center (NOAA NDBC) wave buoy 46042, and
NOAA tide gauge. (B) Enlargement of study area with acoustic/in situ ichthyoplankton imaging system (ISIIS) boat tracks and 

SeaHorse profiler mooring (black circle). Numbers 1−5 correspond to acoustic/ISIIS transect numbers in Figs. 5 & 7
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2.4.  Bottle samples

A 5 l Aquatic Research Instruments discrete point
water-sampling bottle was attached to the high-reso-
lution profiler to collect water samples. Real-time
data of depth and fluorescence from the high-resolu-
tion profiler allowed accurate water sampling from
above, within, and below thin layers of fluorescence.
Water samples were collected at 13:08, 13:22, and
13:36 h at depths of 7.4, 15.2, and 4 m, respectively.
Water samples were gently mixed in a carboy before
subsampling. Brief descriptions are provided below.
For more detailed information on the bottle samples,
see Timmerman et al. (2014). All samples were ana-
lyzed or processed within 5 h after returning from the
field.

Unfixed triplicate phytoplankton samples were
identified and enumerated to genus level using a
Zeiss A1 Axioscope microscope (40× magnification)
and a PhycoTech 0.066 ml phytoplankton counting
cell.

For bacteria enumeration, samples were preserved
with paraformaldehyde (0.5% final concentration),
then stored at −80°C until batch analyses. Thawed
samples were stained for 1 h with Hoechst 33342
(1 μg ml−1 final concentration), then analyzed on a
Beckman Coulter EPICS Altra flow cytometer (Selph
et al. 2005).

Volumes of 750 ml to 1 l were filtered through
acid-cleaned 47 mm diameter, 0.2 μm GHP filters.
The filters were stored frozen for later determina-
tions of cell-associated alkaline phosphatase activity
(APA), a proxy for phosphorus stress, following
Dyhr man & Ruttenberg (2006). The filtrate was
frozen in acid-cleaned bottles until analyzed for
dissolved nutrients (NO3

−, NO2
−, NH4

+, PO4
3−,

Si(OH)4), total dissolved nitrogen (TDN), and total
dissolved phosphorus (TDP) at the University of
Washington Water Center (Marine Chemistry Lab-
oratory).

Three aliquots were filtered for dissolved and
particulate domoic acid determinations. The filtrate
from GF/F filters was collected and frozen in
bottles (acid washed) for dissolved domoic acid
(dDA). GHP filters (47 mm diameter, 0.2 μm) were
used to determine particulate domoic acid (pDA).
Samples were analyzed following Wang et al.
(2007) on an Agilent 6130 LC/MS using Selective
Ion Monitoring.

Pre-weighed 47 mm diameter, 0.2 μm GHP filters
were used to collect material for determination of
total suspended solids (TSS). TSS filters were dried
until the post-weights were stable (<0.16% differ-

ence), then the pre-weight was subtracted and
divided by the volume of water filtered (750 ml).

2.5.  Towed and shipboard systems

2.5.1.  In situ ichthyoplankton imaging system (ISIIS)

The ISIIS is a towed shadowgraph imaging system
that synoptically measures oceanographic proper-
ties, including salinity, temperature, depth (SBE49,
SeaBird Electronics), and chl a fluorescence (ECO
FL (RT), WETLabs). The camera pods contain a line
scan camera (Dalsa) with 68 μm pixel resolution on
one side, and an LED light source on the other side
that projects collimated light across an imaged
water parcel (13 cm high field of view) into the cam-
era. Due to the high concentrations of plankton and
particles in this region, the depth of field was con-
servatively estimated to be ~35 cm. This optical
technique allowed particles and plankton between
~500 μm and 13 cm to be imaged and identified.
Along with the camera system, the ISIIS was
equipped with motor actuated fins for depth control,
a Doppler velocity log (600 micro, Navquest), and
environmental sensors all measuring at 2 Hz. All
sensors sampled water ~0.5 m above the imaging
volume, and a correction was applied to correct for
this offset. The system was deployed off the stern of
a 15.85 m coastal vessel, the RV ‘Shana Rae’, towed
at a constant speed of 2.5 m s−1 through the water,
with ~4−5 undulations, from ~1 m under the surface
to ~5 m above the bottom, reaching a maximum
depth of ~18 m. A total of 5 transects centered over
the 20 m isobaths were surveyed during afternoon
hours on 5 July 2010 be tween 12:32 and 14:14 h
(Fig. 1). Due to the optical technique utilized by the
ISIIS, ambient light has no effect on image quality
(Cowen & Guigand 2008).

The images obtained from the ISIIS were pro-
cessed using a series of steps. First, the images were
flat-fielded to remove background artifacts from
the line scan camera (i.e. thin vertical lines) and
to even out the background gray level. Images
were then segmented using the image analysis
 software ImageJ (Schneider et al. 2012), which
applied a threshold to the image (i.e. converting to
black and white) for a gray level of 170 (on a scale
from 0 to 255, 8-bit grayscale images) and extracted
all particles ≥2000 pixels in cross-sectional area
(~3.3 mm equivalent spherical diameter; ESD) as
regions of interest (ROIs), along with several particle
statistics, including particle cross sectional area,



perimeter, major/ minor axes of a fitted ellipse to each
particle (used to calculate aspect ratio), and angle of
the major axis. A random subset of 2000 ROIs was
classified manually to determine the percentage of
segments that were marine snow par ticles. In addition,
several particle characteristics were re corded as
already described. These particle statistics (measured
for each particle) were merged with the environmen-
tal data using the image/ environmental data time-
stamps and were then placed into 1 m bins. Using the
known camera field of view, depth of field, and speed
of the ship, volume sampled for each vertical bin was
calculated, and the number of particles could then be
converted to concentrations per sample bin. This
analysis and plotting was performed in R (v.3.2.2)
using the packages ‘plyr’ and ‘ggplot2’ (Wickham
2011, 2016)

To compare the particle statistics, particles from
waters well above (2−3 m), within (6.5−7.5 m), and
well below (14−15 m) the thin layer were extracted
for further analysis. Mean particle area (in pixels)
and concentration were calculated for the 3 depth
groups. For other particle statistics, including peri -
meter to area ratio, aspect ratio, and angle of orienta-
tion, the data were log transformed to conform to
assumptions of parametric statistics, and an ANOVA
was run for the different measurements. Tukey’s post
hoc HSD test was used to indicate statistically signif-
icant differences among the depth zones.

2.5.2.  Acoustics

Acoustic surveys were conducted from the RV
‘Sha na Rae’ on 5 July 2010 between 12:32 and
14:14 h using a Simrad EK60 split-beam echosounder
with a 200 kHz transducer mounted to a bracket
attached to the vessel gunwale. A 200 kHz acoustic
signal is expected to scatter off of objects in the size
range of small zooplankton, including invertebrate
larvae (300 μm and larger; Clay & Medwin 1977).
Acoustic profiles of the water column were taken at
2 Hz with the vessel moving at 2.5 m s−1, resulting in
a horizontal resolution of 1.25 m. The 200 kHz trans-
ducer had a 20.7° beam angle and used a 64 μs pulse,
resulting in 1.2 cm vertical bins. Raw, binary EK60
backscatter data were read into Matlab and con-
verted from echo return power in units of W, to vol-
ume backscattering strength (SV) in units of dB m−1,
using a Matlab toolbox (R. Towler unpubl. data),
assuming a sound absorption coefficient of 0.057 dB
m−1. The EK60 echosounder was factory-calibrated
prior to the study.

2.6.  Co-occurrence of sensors and 
platforms on 5 July

Continuous measurements of wind velocity and
tidal height were available for the day of 5 July.
Near-continuous profiles from the SeaHorse were
available from ~04:30 to 09:30 and 21:30 to 23:30 h,
and from the high-resolution profiler from 10:29 to
14:02 h. Bottle samples were collected within this
time frame at 13:08, 13:22, and 13:36 h. Surveys with
the ISIIS and acoustics took place between 12:32 and
14:14 h (Table 1).

3.  RESULTS

3.1.  Winds and tides

From 29 June to 4 July, the regional winds were
consistently from the northwest, averaging 7.0 m s−1;
these are typical upwelling winds. On 4 July, the
regional winds shifted, and from 4 to 8 July, they
were consistently from the south, averaging 3.7 m
s−1. From 29 June to 4 July, the local winds had a typ-
ical diurnal (sea breeze) signal, with onshore winds
increasing from late morning to early afternoon, and
decreasing into the evening. Then, from 4 to 9 July,
the local wind speeds decreased to well below 3 m
s−1, likely due to the decrease in amplitude of air tem-
perature fluctuations during the same time frame.
The third-quarter moon (half-moon) was on 4 July,
thus the period of sampling occurred over neap tide
when the tidal range and tidal current velocities are
relatively lower. The average magnitude over the
entire record was 0.074 m s−1, while average current
magnitude on 5 July was 0.036 m s−1. During the time
of the study, offshore significant wave height was
low, ~2 m, and from the south (180°) (Fig. 2). Due to
the location of the study site, situated in the north-
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Time of day (h)

Wind 00:00−23:59
Tide 00:00−23:59
SeaHorse 04:30−09:30, 21:30−23:30
High resolution 10:29−14:02
Bottle samples 13:08, 13:22, 13:36
ISIIS 12:32−14:14
Acoustics 12:32−14:14

Table 1. Time of day on 5 July 2010 and data availability of
winds, tides, SeaHorse autonomous vertical profiler, high-
resolution profiler, bottle sampling, in situ ichthyoplankton
imaging system (ISIIS), and acoustics. All times are in local 

Pacific daylight savings time
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eastern corner of Monterey Bay, the southern swell
and offshore winds did not have a large influence on
the study region.

Notes from the small boat log indicated that condi-
tions at 09:54 h were quiescent, calm, and foggy with
light swell. By 11:24 h, the wind increased only
slightly. By 13:22 h, there were intermittent, but
mildly increased, swells, and winds remained light.

3.2.  Water column profiling

3.2.1.  SeaHorse profiler

A total of 467 profiles of temperature, salinity, fluo-
rescence, and dissolved oxygen were collected with
the SeaHorse profiler between 27 June and 9 July
(Fig. 3); however, only a few profiles were collected

22

Fig. 2. (A) Regional winds (m s−1) measured at NDBC buoy 46042, from 27 June to 9 July 2010. Wind direction is represented
by the angle of the vector, and wind magnitude is represented by the length of the vector. (B) Local winds (m s−1) measured at
Long Marine Laboratory (LML) from 27 June to 9 July 2010. (C) Predicted tides from the NOAA Monterey tide station. Sea
level height is in m. (D) Air temperature (°C) at LML. (E) Significant wave height (Hs, m) and peak wave direction (Dp, °) from 

NDBC Buoy 46042. Time is local time (PDST). Shaded bar shows the measurement time span on 5 July
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on 5 July due to fouling of the wire-gripping mecha-
nism. Between 29 June and 4 July, there were peri-
ods where the water column was periodically mixed
due to the local winds, which had a typical diurnal
signal. From 4 to 7 July, the water column was stably
stratified due to the decrease in local wind velocities
to below 3 m s−1 coupled with neap tide (e.g. lower
current velocities) and low wave energy. These con-
ditions were optimal for the formation of the intense
thin layer at the base of the pycnocline sampled on
5 July.

3.2.2.  High-resolution profiler

A total of 37 profiles of temperature, salinity,
absorption, dissolved oxygen, and dissolved in -
organic nitrate were manually collected with the
high-resolution profiler between 10:29 and 14:02 h
(3 h, 33 min) on 5 July (Fig. 4), with an average
of 5 min between each profile. Of these, 4 pro -
files did not cover the full depth range and were
excluded from analyses. The water column was
strongly stratified. The pycnocline (27.5 sigma-t)

23

Fig. 3. Measurements from the SeaHorse profiler: (A) temperature (°C), (B) salinity, (C) density (σt), (D) fluorescence (mg m−3) 
(the WETLabs Inc. factory calibration was to convert from volts to mg m−3), (E) oxygen (ml l−1)



depth ranged from 7.61 to 10.62 m (9.20 m
 average).

A thin subsurface layer of elevated chl a concentra-
tion (chl a calculated from the ac-9 measurements, cf.
Eq. 1) was positioned at the base of the pycnocline,
with an average vertical dimension of 1.16 m (after
Dekshenieks et al. 2001) and a range of 0.02−2.76 m.
This layer persisted throughout the duration of the
profiling (i.e. thin layers were present in 100% of the
profiles analyzed) and was positively identified by
the layer algorithm in each of the 33 profiles. The
peak chl a concentration within the layer averaged
57.82 mg m−3, more than 5 times the average back-
ground with a range between 37.78 and 191.14 mg
m−3. The chl a maximum averaged 8.36 ± ~1.5 m in
depth (Fig. 4).

Oxygen levels near the surface (<3 m) averaged
4.8 ml l−1. There was a distinct oxygen maximum at
5 m (average O2 = 5.9 ml l−1), followed by a steep oxy-
cline. The base of the oxycline was co-located with
the lower extent of the chl a layer.

Nitrate levels in the surface mixed layer re mained
low (0.18 μM), while elevated nitrate was measured
as high as 12.64 μM at 15.2 m, below the pycnocline.

3.3.  Bottle samples

Bottle samples were collected within, above, and
below the ac-9 chlorophyll layer. This corresponded
to depths of 7.4, 4.0, and 15.2 m, respectively, at the
time of sampling (13:08, 13:22, 13:36 h on 5 July).

Mar Ecol Prog Ser 678: 17–35, 202124

Fig. 4. (A) Temperature (°C), (B) salinity, (C) density (σt), (D) ac-9 chlorophyll a (mg m−3), (E) oxygen (ml l−1), and (F) nitrate (NO3
−,

μM) sampled with the high-resolution profiler between 10:29 and 14:02 h on 5 July 2010. There were some bad ISUS nitrate-
sensor data from a loose/bad electrical connection. These bad data were removed, leading to some gaps in the nitrate data
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Results for phytoplankton, bacteria and photosyn-
thetic eukaryotes, nutrients, as well as TSS bottle
samples are given in the following sections.

3.3.1.  Phytoplankton

Pseudo-nitzschia spp. were the most abundant
phytoplankton within the thin layer (Table 2). Pseudo-
nitzschia spp. were 2.8 times higher in the layer com-
pared to above, and 3.1 times higher in the layer com-
pared to below. P. australis and P. multiseries were
present but were not the dominant Pseudo-nitzschia
spp. However, both dDA and pDA were highest
within the layer compared to above and below
(Table 2). The pDA per cell was elevated in the thin
layer (3.5 pg pDA cell−1) compared to above and
below the layer, (1.2 and 2.1 pg pDA cell−1, respec-
tively). While the dominant species in the samples
were Pseudo-nitzschia spp., all samples also contained
Chaetoceros spp.. In addition, samples in the thin
layer also contained Lauderia spp. and Guinardia spp.

3.3.2.  Bacteria and small photosynthetic eukaryotes

Unlike the diatoms described previously, concen-
trations of unpigmented bacteria (0.4−3.3 × 109 l−1),
the photosynthetic bacteria Prochlorococcus (1.4−
1.7 × 107 l−1) and Synechococcus (0.23−1.4 × 107 l−1),
and small photosynthetic eukaryotes (1.5−5.0 ×
106 l−1) were all most abundant at the surface and
their concentrations decreased with depth (Table 3).
The decline in Prochlorococcus spp. with depth was
minimal, but other microbial cells declined 2- to 3-
fold at each successively deeper depth.

3.3.3.  Nutrients

Concentrations of dissolved inorganic nutrients
(NO3

−, NO2
−, NH4

+, PO4
3−, Si(OH)4) were lowest at

the surface and increased with depth (Table 4). At
the shallowest sampled depth, silica was >1 μM, but
inorganic N and P were especially depleted. All inor-
ganic sources of N (NO3

−, NO2
−, NH4

+) at 4 m totaled
to 0.27 μM, and P concentration was
0.14 μM for a dissolved inorganic ni -
tro gen to dissolved inorganic phos-
phorus (DIN:DIP) ratio of 2. In the thin
layer (7.4 m), combined inorganic N
sources were 10 times higher than at
the surface (2.7 μM) and inorganic P
was 2-fold higher (0.27 μM), and the
DIN:DIP ratio increased to 10. Relative
to the within the layer, both inorganic
N and P were 6 times higher below the
layer (15.2 m), and the inorganic DIN:
DIP ratio remained unchanged.

TDN concentration was 10.7 μM
both above and in the layer, and in -
creased to 25 μM below the layer. TDP
was similar above and within the layer
(0.4 and 0.53 μM) and increased to
1.8 μM below. This re sul ted in the
TDN: TDP ratios of 25 above, 20
within, and 14 below the layer.

25

Depth (m) 106 cells l−1 dDA μg l−1 pDA μg l−1 pg pDA cell−1

4.0 1.4 (0.5) 0.34 (0.59) 1.66 (0.41) 1.2 (0.5)
7.4 3.9 (1.3) 6.89 (2.83) 13.59 (4.45) 3.5 (1.6)
15.2 1.3 (0.4) 4.98 (3.28) 2.62 (0.57) 2.1 (0.7)

Table 2. Average (SD) Pseudo-nitzschia spp. counts, dissolved domoic acid
(dDA), particulate domoic acid (pDA), and calculated pDA cell−1 from bottle 

samples taken at depths of 4.0, 7.4, and 15.2 m

Depth Unpigmented Prochloro- Synecho- Photosynthetic 
(m) bacteria coccus coccus eukaryotes 

(109 cells l−1) (107 cells l−1) (107 cells l−1) (106 cells l−1)

4.0 3.3 1.7 1.4 5.0
7.4 1.3 1.5 0.58 3.5
15.2 0.40 1.4 0.23 1.5

Table 3. Counts of unpigmented bacteria, Prochlorococcus spp., Synechococ-
cus spp., and photosynthetic eukaryotes from bottle samples taken at depths 

of 4.0, 7.4, and 15.2 m

Depth NO3 NO2 NH4 PO4 Si(OH)4 DIN:DIP TDN TDP TDN:TDP APA

4.0 0.18 0.01 0.08 0.14 1.24 1.90 10.73 0.43 24.9 3.22
7.4 2.29 0.07 0.34 0.27 1.91 10.00 10.70 0.53 20.2 1.56
15.2 12.64 0.23 3.62 1.58 16.63 10.00 25.01 1.79 13.9 1.87

Table 4. Concentrations of inorganic and total dissolved nutrients (μM), the ratios of dissolved inorganic N and P (DIN:DIP) or
total dissolved N and P (TDN:TDP), and the concentration of cell-associated alkaline phosphatase activity (APA; nM P h−1) at 

3 depths. DIN was calculated as the sum of the 3 DIN species
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Bulk APA in the surface water above the layer
(3 nM P h−1) was 2 times higher than in or below the
layer, but chlorophyll-normalized APA was 8.5 times
higher than within the layer and 2.9 times higher
than below the layer (Table 4).

3.3.4.  TSS

TSS were highest within the layer (11.91 mg l−1)
compared to above (7.98 mg l−1) and below the layer
(7.33 mg l−1). This is likely also capturing phyto-
plankton biomass because TSS was only dried and
not combusted, thus organics were not removed.

3.4.  Towed and shipboard systems

3.4.1.  ISIIS

The ISIIS data allow us to compare the particle size
and shape distribution to the thin subsurface layer of
chl a on 5 July between 12:32 and 14:14 h. A total of
931 065 image segments with ESDs >3.3 mm were
extracted from the images; a subset of 2000 showed
that 96.3% of these segments contained marine
snow. The high concentrations of particles across the
different size classes overlapped spatially with the
area of high chl a fluorescence; however, there were
some slight differences among the size classes
(Fig. 5). The abundance peak of large particles was
broader in vertical dimension/extent than the me -
dium and small particle abundance peaks. The spa-
tial locations of the peak concentrations were also
different among the groups. Small particles tended to
be most abundant in the inshore ends of the tran-
sects. Medium-sized particles were most abundant in
the middle of the transects but generally had a more
horizontally dispersed distribution relative to the
other size classes. The large particles were con -
centrated in a thin layer in the offshore ends of the
transects.

The shape of particles within the different size
classes varied vertically (Fig. 6). Near the surface,
particles from all size classes had a more elongate
shape (higher aspect ratio), indicating sinking. The
shape of particles within the layer (and below) was
more round (lower aspect ratio). Above and below
the layer, the large and medium particles were simi-
lar in concentration; however, inside the layer, large
particles were approximately twice the concentration
of the medium size class. It is important to note that
the size ranges selected were based on the environ-

ment and organisms that were sampled. Our main
goal was to distinguish the average particles from the
exceptionally large aggregates that were present in
the thin layer. The small and medium size categories
are exactly 3000 pixels each: 2000−5000, and 5001−
8001, respectively. The large category contains the
large aggregates from the thin layer — we did not
want an upper limit for these. Thus, the size classes
small, medium, and large are relative terms.

Particles from 3 discrete areas of the water column
showed differences in several measured properties
(Fig. 6, Table 5). Concentrations of particles in the
thin layer were enhanced 2.28 times relative to con-
centrations above the layer and 10.26 times relative
to concentrations below the layer. The mean area
(size) of each particle was enhanced 2.27 times rela-
tive to the mean area above the thin layer, and 1.74
times relative to the mean area below the thin layer.
The ESD of particles in the thin layer was 1.51 times
larger than the ESD of particles above the thin layer,
and 1.32 times larger than the ESD of particles below
the thin layer. We found that although the aspect
ratio of the particles within the layer was low, the
perimeter:area ratio was significantly higher than the
other sections, indicating that the particles within the
layer were large, round, and had an irregular border,
which is supported by Fig. 6. The ratio of peri meter:
area of particles in the thin layer was 1.11 times
higher in the thin layer than above the layer, and 1.36
times higher in the thin layer than below the layer.
The aspect ratio reveals that particles near the sur-
face were more elongate, most likely comet-shaped
based on observations; this is supported by Fig. 6.
Finally, the angle shows that in general, the particles
within the layer were relatively more horizontally
oriented (angled further from 90°) (Fig. 6, Table 5).

3.4.2.  Acoustics

The spatial distribution of acoustic backscatter
from the Simrad EK60 split-beam echosounder with
a 200 kHz transducer shows an intense subsurface
scattering layer that extends for kilometers in the
study area (Fig. 7).

Qualitative comparisons were made between sin-
gle ascending profiles from the ISIIS, and the acous -
tics averaged over the time of the ISIIS profile
(Fig. 8). This example shows increases in particles
m−3 from the ISIIS, concurrent with acoustic scatter-
ing from the Simrad EK60 where the aggregates of
marine snow and zooplankton were located. In this
profile, there were predominantly copepods just

26
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above and below the layer, and jellies
below layer (Fig. 8).

4.  DISCUSSION

4.1.  Environmental conditions

The environmental conditions in
northeastern Monterey Bay on 5 July
2010 were optimal for the develop-
ment of an intense thin layer. Follow-
ing 6 d of significant upwelling, where
cold nutrient-rich water was upwelled

28

Fig. 6. (A) Average particle size from the in situ ichthyoplankton imaging system (ISIIS) vs. mean concentration per 1 m depth
bin over all 5 transects. The size of the points corresponds to the mean aspect ratio (AR) per depth bin. Gray circles represent
2 SD of the mean. The AR changes for each size class and the variability within each sample bin. If the gray circle is large
 relative to the colored dot, this indicates there was high AR variation within the sample bin. Also shown are ISIIS images of 

particles (B) above, (C) within, and (D) below the thin layer

Location relative to thin layer
Above Within Below

Depth (m) 2.0−3.0 6.5−7.5 14.0−15.0
ESD (mm) 5.47  8.24  6.24  
Perimeter:area ratio 0.207* 0.229* 0.169*
Aspect ratio 3.090* 2.044 2.065
Mean angle of orientation (0−90°) 62.749  56.114  67.140  

Table 5. Particle statistics. Equivalent spherical diameter (ESD), perimeter
to area ratio of a particle, aspect ratio, and mean angle of orientation in
depth ranges above, within, and below the thin layer. An ANOVA was per-
formed with a Tukey’s HSD post hoc test for differences among the 3 groups. 

Groups with significant differences are denoted by ‘*’
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to the north of Monterey Bay, 5 July had relatively
weak winds from the south and a relaxation from
upwelling. Strong stratification in northeastern Mon-
terey Bay was maintained due to a neap tide that
reduced tidal range. The period was also character-
ized by relatively low current velocities, low winds
and waves, as well as decreased air temperature
fluctuations.

4.2.  Phytoplankton

The average vertical dimension of the thin layer
was 1.16 m, with a range of 0.02−2.76 m. Previous
studies in Monterey Bay have measured thin phyto-
plankton layers with similar dimensions: McManus
et al. (2008) measured thin layers in northeastern
Monterey Bay ranging in thickness from 0.10 to
3.0 m, with 85% of thin layers <2 m and 54% of thin
layers <1 m; Ryan et al. (2008) measured thin layers

in eastern Monterey Bay averaging 2.3 m; Ryan et al.
(2010) measured thin layers across Monterey Bay
with an average thickness of 1.4 m; and Timmerman
et al. (2014) found that the average thickness of thin
layers in northeast Monterey Bay was 2.4 m. Previous
studies in East Sound, Washington, have also found
comparable dimensions. Over 3 mo of sampling in
1996, Dekshenieks et al. (2001) found that the aver-
age vertical dimension of thin layers was 1.20 m, with
a range of 0.12 to 3.61 m. Interestingly, layers meas-
ured in oligotrophic tropical waters are thinner and
more ephemeral. McManus et al. (2012) found that
the average vertical dimension of thin layers in the
coastal waters off O’ahu, Hawai’i, was 0.67 m, with a
range of 0.21 to 1.29 m. This difference is likely due
to the relatively lower levels of stratification and
nightly convective overturning occurring in these
tropical waters.

Previous observations from this northeast corner of
Monterey Bay, California, indicate that thin layers of

29

Fig. 7. Acoustic backscatter from the shipboard Simrad EK60 split-beam echosounder with a 200 kHz transducer on 5 July 
2010. Gray shading is bathymetry. Numbers 1−5 correspond to acoustic/ISIIS transect numbers in Figs. 1 & 5
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HAB species, such as Pseudo-nitzschia spp., are reg-
ular features here (McManus et al. 2008, Ryan et al.
2014, Timmerman et al. 2014), further underscoring
the need for subsurface, fine-scale sampling tech-
niques for effective HAB monitoring.

4.3.  Suspended sediment

Ryan et al. (2014) suggested that small-scale
hetero geneity in the toxicity of Pseudo-nitzschia spp.
populations in thin layers in Monterey Bay was
related to the coupling of resuspended sediments
from the bottom boundary layer to the surface mixed
layer. It is possible that resuspended sediments from
the bottom boundary layer were entrained in the
pycnocline during the wind mixing events observed
between 29 June and 4 July. Even though other
instruments may have been able to detect these sus-
pended sediments, the suspended sediment would
be below the size threshold for ISIIS detection
(~3.3 mm ESD) and would likely not form aggre-
gates, as is common with coalesced particles of bio-
logical origin (e.g. Burd & Jackson 2009).

4.4.  Nutrients, N:P ratio, APA, and
domoic acid

The very low (sub-micromolar) in -
organic N and P concentrations ob -
served in the surface water suggest
that the dissolved organic nutrient
reservoirs (which comprise the major-
ity of TDN and TDP in the surface)
could be an important resource for
phytoplankton. The relative depletion
of dissolved P above and within the
layer — with TDN:TDP ratios above
the canonical Redfield ratio of 16 —
suggests that phosphorus stress could
be driving selective remineralization
of P from dissolved organic sources.
This is also supported by the signifi-
cantly elevated APA in the surface
waters. APA has been employed as a
proxy for P stress in phytoplankton
(Dyhrman & Palenik 1999, Dyhrman &
Ruttenberg 2006, Ou et al. 2006), but
may also reflect other physiological
stresses (Fuentes et al. 2014). Hetero-
trophic bacteria also express phos-
phatase (Martinez et al. 1996, Hoppe
2003), so the APA in total community
measurements (>0.2 μm fraction), as

done here, cannot be ascribed solely to phytoplank-
ton. Nevertheless, the elevated APA, low inorganic P
concentration, and high TDN:TDP ratio in the sur-
face water suggest phytoplankton would have been
P stressed.

Phosphorus stress can have a significant influence
on Pseudo-nitzschia growth and domoic acid produc-
tion. In a chemostat experiment using P. multiseries,
Hagström et al. (2011) showed that P deficiency oc -
curred when the cellular ratio was >14.7, and phos-
phorus limitation has been found to increase domoic
acid production (Lema et al. 2017, Hagström et al.
2011). Given the low inorganic N concentrations in
the surface water, and an inorganic DIN:DIP ratio of
2, it seems likely that the diatoms in the surface
waters will also face some degree of N stress. This
would contribute to lower concentrations of cells by
reducing growth and possibly stimulate aggregation
and sinking as marine snow (Sekula-Wood et al.
2009, Schnetzer et al. 2017), and could also limit
domoic acid production, a nitrogen-containing com-
pound (Bates et al. 1991).

The non-proportional increase in nutrients ob ser -
ved in the thin layer could relieve N limitation for

30

Fig. 8. (A) Particle concentration (m−3) from a single ascending profile of the in
situ ichthyoplankton imaging system (ISIIS), for small (black), medium (red),
and large (green) particles (as defined in Fig. 5). (B) Acoustic backscatter (dB) 

from the Simrad EK60 split-beam echosounder with a 200 kHz transducer
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diatoms either growing at that depth or arriving in
sinking aggregates. According to physiological mod-
eling efforts (Terseleer et al. 2013), the elevated N
(2.3 μM) in the layer could, given sufficient light,
trigger significant increases in domoic acid produc-
tion. This is consistent with our observations that par-
ticulate domoic acid per cell is elevated in the thin
layer compared to above and below the layer. Inor-
ganic P remains low in absolute terms (0.27 nM) in
the layer, and the TDN:TDP ratio remains high, yet
APA is low. Perhaps an increased rate in the supply
of P across the pycnocline suppresses APA. The ex -
ceptionally low chl a-normalized APA suggests that
the diatoms are not the major source of APA in the
thin layer. Accordingly, we propose a scenario in
which phosphorus (and perhaps nitrogen) stress
above the thin layer may contribute to the aggrega-
tion and sinking of Pseudo-nitzschia spp., while a
disproportionate increase in N availability in the
layer may increase toxicity of cells that accumulate
there.

4.5.  Bacteria

In the California Bight, Collier & Palenik (2003)
found that Synechococcus had the highest concen-
tration in the mixed layer and decreased with depth,
similar to our study. Further, they found that in areas
influenced by upwelling, Synechococcus and chl a
had an inverse relationship, supporting that higher
abundance is not necessarily within the layer. Obser-
vations from our study site in June and August 2010
also found that Synechococcus abundance was more
variable and had higher concentrations at lower chl a
concentrations (Timmerman 2012).

4.6.  Particle size distribution measured 
with in situ imaging

Complementary to other biological, physical, and
chemical measurements, in situ imaging allowed for
automated detection and sizing of particles/plankton
in and around the thin layer that indicate how thin
layers form. While automated image classification
algorithms were not used in this study, a random
sample of the over 900 000 segments extracted dur-
ing the 5 transects revealed that >96% of particles
larger than the 3.3 mm ESD size threshold were mar-
ine snow (aggregates). Even in more oligotrophic
systems relative to Monterey Bay, detritus forms
>90% of particles imaged with optical systems (Laser

Optical Plankton Counter; Espinasse et al. 2018). The
particle aggregates imaged with the ISIIS are easily
identified by eye because the particles are dark,
irregular in shape, and do not include an organism in
the meso- to macro-zooplankton size range. Particle
aggregates can, however, vary greatly in size and
shape, information which can be extracted automati-
cally and indicate physical processes contributing to
vertical flux (i.e. elongated and vertically oriented,
indicating sinking).

The particle aggregates in the study had several
quantifiable properties indicating how the layer was
formed and persisted through time and space. All 3
size classes of particles were most abundant within
the thin layer, corresponding to the area of high chl a
fluorescence. Because the particles were more elon-
gated above the layer and changed orientation angle
(and increased in size) within the layer, this suggests
passive accumulation of particles along a physical
gradient similar to mechanisms described previously
(Alldredge et al. 2002, Prairie et al. 2013, 2015).
Shear can also contribute to thin layer formation
(Ryan et al. 2008, Sevadjian et al. 2014), and the shift
in marine snow orientation angle near the pycnocline
suggests that shear may have played a role for the
thin layer described in this study. A similar pattern
above the thin layer was described by Timmerman et
al. (2014), who sampled the same region on 27 June
2010, observing that particles above the thin layer
were elongated, which they attributed to sinking.

Although several zooplankton groups were con-
spicuously absent within the thin layer (e.g. these
groups were observed to aggregate immediately
above and below as in Greer et al. 2013), particle
abundance and acoustic backscatter both peaked
within the thin layer. Individual aggregates can pro-
duce acoustic backscatter signals at very high fre-
quencies (1.5−2.5 MHz; Briseño-Avena et al. 2018),
but these aggregates are different in both shape and
density compared to the continuous layer of phyto-
plankton aggregates (dominated by diatoms) found
inside the thin layer and described here. Particle
aggregates have been shown to accumulate at den-
sity gradients in a variety of ocean systems, and the
component that is phytoplankton likely contributes
to chl a signals (Greer et al. 2015, Graff & Menden-
Deuer 2016, Bochdansky et al. 2017).

Zooplankton have been shown to avoid patches of
potentially toxic phytoplankton (Fiedler 1982, Tala -
patra et al. 2013). Greer et al. (2013) observed that
copepods have a bi-modal vertical distribution and
appeared to avoid the thin layer on multiple days
of sampling. It seems reasonable that zooplankton
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would avoid a layer of ‘stressed’ diatoms that were
producing domoic acid. Similar distributional pat-
terns were observed in the Gulf of Mexico, where
copepods were not common inside a thin layer of
diatom chains (primarily Odontella sp.), but instead
aggregated near the surface outside of the layer
(Greer et al. 2020). The diatoms in the northern Gulf
of Mexico thin layer, however, did not form distinct
clumps or aggregates but rather formed a large ‘mat’
(i.e. in the Gulf of Mexico study, particle counting
was not possible inside the layer because there were
no distinct aggregates). Despite the differences in
appearance of the layer in the imagery, the general
avoidance of the layer by copepods was consistent
between the studies. It is important to note that lack
of grazing can also enhance a thin layer.

Other zooplankton groups may be abundant inside
the layer due to their ecological preferences or pas-
sive accumulation. Doliolids (pelagic tunicates) were
one of the most abundant mesozooplankton groups
in the northern Gulf of Mexico and were concen-
trated inside the thin layer (Greer et al. 2020). Pelagic
tunicates were rare or absent during our study in
Monterey Bay, although other gelatinous species that
may sometimes consume phytoplankton were found
within the layer in much lower abundances relative
to copepods (e.g. Bolinopsis spp. ctenophores, Greer
et al. 2013).

There were some slight differences among the
size classes measured by the ISIIS (Figs. 6 & 7).
The lar gest size class of particles has a relatively
narrow vertical extent compared to the medium
and small sizes. The horizontal spatial locations of
the peak concentrations also differed among the
groups. The limited vertical extent of the largest par-
ticles is consistent with findings that particle colli-
sions and aggregation through transparent exo -
 polymers (TEPs, components of the broader pool of
extracellular polymeric substances; Thornton 2002)
that in crease ‘stickiness’, should occur rapidly within
a narrow pycnocline (Passow & Alldredge 1994,
Passow 2002, Prairie et al. 2013, Tréguer et al.
2018). It is possible that TEP abundance in the thin
layer might contribute to in creased viscosity in the
layer and that would be less desirable to grazers
leading to crustacean zooplankton (i.e. copepods)
avoiding the thin layer.

The distribution of TEPs was not measured in this
study but likely plays an important role in the forma-
tion of thin layers and conceptually links the meas-
urements from our different sampling systems. These
polysaccharides form the ‘glue’ that can cause aggre-
gations of phytoplankton, bacteria, and other parti-

cles (Passow 2002, Burd & Jackson 2009). High
amounts of TEPs are often positively correlated with
chl a, and can result in the formation of large ‘mats’
of diatoms, bacteria, and suspended sediment that do
not sink (or do so very slowly) (Passow 2002).

TEP production tends to increase as phytoplankton
growth rates decrease (Engel et al. 2002), and this
could be tied to physiological stress in both phyto-
plankton (Moriceau et al. 2007, Kahl et al. 2008) and
microbes (Quigg et al. 2016). The TDN:TDP ratios in
the upper water column, which displayed a substan-
tial departure from Redfield ratios, and overall high
abundances of microbes indicate that nutrient stress
may have played a role in generating TEP produc-
tion (from both phytoplankton and microbes), serv-
ing as the adhesive mechanism forming the comet-
shaped flocs imaged by the ISIIS (Fig. 6). The
formation of flocs is species dependent. For example,
Passow et al. (2019; p. 73, their Table 3) noted that
Chaetoceros spp. took a relatively long time to form
aggregates, and once formed, they tended to be
‘wispy and stringy’ with few solid particles. Morpho-
logically, the aggregates measured in our study were
large and solid, similar to ones found for Odontella
(Passow et al. 2019). As large, chain-forming diatom
species, it is reasonable to expect Pseudo-nitzschia
spp. to form similar large aggregates. These aggre-
gates then settled to the pycnocline to form the thin
layer (e.g. Prairie et al. 2013).

The timing of sampling could be critical for influ-
encing the properties of the layer, as Greer et al.
(2020) described a thin layer in the northern Gulf of
Mexico primarily composed of healthy Odontella sp.
diatoms with few large flocs. The layer in the north-
ern Gulf of Mexico, in contrast to the one we de -
scribed in Monterey Bay, had a strong peak in oxy-
gen that was spatially co-located with the chl a
fluorescence peak, indicating photosynthesis out-
weighing respiration within the layer. On the other
hand, thin layers of marine snow aggregates or flocs
with decaying oxygen concentrations inside the thin
layer indicate that respiration dominates over any
photosynthetic processes, with chlorophyll still high
but lower dissolved oxygen. These differences in the
spatial relationships between dissolved oxygen and
chl a may have been related to the physical mecha-
nisms of thin-layer formation. The thin layer in the
northern Gulf of Mexico was likely formed by a sur-
face convergence combined with diatom buoyancy
(Greer et al. 2020) as opposed to the passive settling
mechanism with limited shear well described in
Monterey Bay (Graham & Largier 1997, Prairie et al.
2013). These differences in physical forcing driving
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thin-layer formation may also influence some of the
differences in the appearance of the marine snow in
the imagery.

Future studies following our sampling scheme may
want to add measurements of TEPs, as these sub-
stances can be important for entraining and concen-
trating sediments (Fabricius & Wolanski 2000), as
well as oil and other pollutants (Ladd et al. 2018, Pas-
sow et al. 2019).

5.  CONCLUSIONS

An intense, persistent thin layer of phytoplankton
was observed in northeastern Monterey Bay on
5 July 2010. The average vertical dimension of the
thin layer was 1.16 m, which is similar to other
 studies in highly stratified coastal systems. The
majority of the phytoplankton in the thin layer com-
prised Pseu do-nitzschia spp., and several zooplank-
ton groups were observed immediately above and
below the layer. Over 96% of particle aggregates in
the thin layer were larger than the 3.3 mm ESD size
threshold. Because the particles were more elon-
gated above the layer and changed orientation angle
(and increased in size) within the layer, this suggests
passive accumulation of particles along a physical
gradient. Further, the shift in particle orientation
angle near the pycnocline suggests that shear may
have played a role for the thin layer described in this
study. The limited vertical extent of the largest parti-
cles is consistent with findings that particle collisions,
and aggregation through TEPs that increase ‘sticki-
ness’, should occur rapidly within a narrow pycno-
cline. The distribution of TEPs was not measured in
this study but likely plays an important role in link-
ing the measurements from different sampling sys-
tems. TEP production tends to increase as phyto-
plankton growth rates decrease, and this could be
tied to physiological stress in both phytoplankton
and microbes. We suggest that phosphorus (and per-
haps nitrogen) stress above the thin layer may con-
tribute to the aggregation and sinking of Pseudo-
nitzschia spp., while a disproportionate increase in N
availability in the thin layer may increase toxicity of
cells that accumulate there. With the knowledge that
HAB events can occur subsurface, modified sam-
pling methods to monitor for these hidden incubators
could greatly improve the efficacy of early-warning
systems designed to detect HABs in coastal waters.

As more thin layers are described in different eco-
systems, comparisons of physical forcing, species
composition, as well as distributions of nutrients and

higher trophic levels will be critical information for
understanding the potential trophic impacts of thin
layers in marine ecosystems. This information will be
increasingly important as marine systems change
with rising average global temperatures and other
sources of anthropogenic influence.
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