
Layered organization in the coastal ocean: An introduction to planktonic thin
 
layers and the LOCO project
 

1. Planktonic thin layers 

In his seminal paper ‘‘The Paradox of the Plankton’’ G.E. 
Hutchinson (1961) asked: ‘‘How is it possible for a number of 
species to coexist in a relatively isotropic or unstructured 
environment all competing for the same sorts of materials?’’ Of 
course, we now know the oceans are anything but isotropic and 
unstructured. Heterogeneity in physical conditions and motions 
result in complex vertical and horizontal structures in the ocean, 
which, in turn, contribute to a similarly patchy and complex 
distribution of nutrients and plankton. This patchiness in physical, 
chemical and biological patterns spans all spatial scales, from 
millimeters to kilometers, in both vertical and horizontal dimen
sions. While much work has been done on elucidating pattern and 
structure at 10s of meters and larger scales (e.g. Cassie, 1963; 
Haury, 1976; Riley, 1976; Steele, 1978 (and references therein)), 
only recently have we begun to appreciate and quantify the 
ubiquity of fine-scale structures and thus, their full ecological 
importance. 

Determining the critical scales at which measurements must 
be collected in order to effectively investigate particular 
phenomena is one of the most difficult and important aspects 
of observational oceanography. In comparison to large-scale 
processes, fine-scales processes may have an equal, if not greater 
influence on the distributions and abundances of marine 
organisms (Haury et al., 1978). Fine-scale patchiness is increas
ingly recognized as the signature of critical physical and 
biological processes in the environment (Valiela, 1995). And, 
thus, knowledge of fine-scale physical, chemical and biological 
patterns is requisite to understanding the dynamics of the 
marine environment as a whole. Despite the sustained scientific 
motivation to understand these fine-scale structures, the 
degree to which we can effectively investigate these scales has 
been highly dependent on available technology and sampling 
methodologies. Indeed, as sensor technologies and deployment 
methods continually improve, new phenomena are being 
discovered in the marine environment. 

1.1. Definition 

Owing to advances in vertical profiling technology and 
methodology, we now know that fine-scale, dense patches of 
organisms are ubiquitous features in the ocean. The term ‘thin 
layer’ is used to describe highly-concentrated patches of organ
isms, or particles, that have vertical extents on the order of 

centimeters to a few meters, yet can extend horizontally for many 
kilometers and persist for hours to weeks (e.g. Donaghay et al., 
1992; Cowles et al., 1998; Dekshenieks et al., 2001; Holliday et al., 
2003). 

Several investigators have proposed sets of criteria to identify 
thin layer structures in specific environments. Such sets have been 
proposed for phytoplankton in East Sound, WA (Dekshenieks et 
al., 2001) and Monterey Bay, CA (Sullivan et al., this issue), as well 
as for acoustically measured zooplankton layers in Monterey Bay, 
CA (Cheriton et al., 2007; Benoit-Bird et al., 2009) as well as 
several other sites along the west coast of the US (Cheriton et al., 
2007). Each of these definitions is distinct and customized to the 
type of organism in the layer, the particular instrument being 
used to detect the layer, and the region being studied. Conse
quently, there is currently no all-encompassing set of criteria for 
identifying thin layers. 

While these sets of criteria differ in some ways, the features 
they have in common are: (1) The layer structure must persist 
over time and space; (2) the layer vertical thickness must be 
below some maximum, and there must be an objective, clearly-
defined method for calculating the vertical thickness; and (3) the 
layer maxima must meet a minimum signal strength (e.g., 2 or 3 
times greater than background values). The first criterion was 
established to ensure that the layers studied had some continuity 
in their spatial extent and temporal persistence, i.e. they were not 
ephemeral features. The second criterion was developed to 
differentiate thin layer structures from the larger vertical 
structures (e.g., deep chlorophyll maximums) that would not 
likely be missed by more coarse scale sampling practices (e.g. 
standard bottle sampling every 5 or 10 m). The third criterion was 
developed to indicate the degree of ecological relevance due to its 
magnitude. These three criteria have been honed during the 
evolution of thin layer research. 

While over the years it has become apparent that one singular 
set of criteria to encompass all layer organisms, all instrument 
types, and all environments is not possible, we strongly 
emphasize the necessity of and importance of using the above 
framework to set clear guidelines for thin layer identification. 
Documenting how a thin layer is defined is critical to under
standing differences between studies, as well as the ecological 
relevance of the structure. 

1.2. Detection methods 

Because of their small vertical scales, thin layers are notor
iously difficult to detect and resolve in the marine environment. 
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Traditional oceanographic sampling techniques exhibit a number 
of shortfalls. Fine-scale structures can be smeared, under-
sampled, or missed completely by discrete bottle samples. 
Information on the true vertical structure of thin layers is lost 
by towed nets that integrate over depth, or by profiling systems 
influenced by ship motion. Effective measurement methods 
require platforms that are decoupled from ship motion, as well 
as sensors that can achieve vertical resolution on the order of 
centimeters. Such resolution is typically achieved from in-situ 
samplers through slow vertical profiling rates, high sampling 
rates, or a combination of the two; and in acoustic and optical 
systems through the choice of the outgoing signal coupled with a 
high sampling rate. 

Because of the difficulty associated with resolving these 
features, thin layers research has been a catalyst for many recent 
innovations in oceanographic instrumentation and sampling 
methodologies (e.g. Donaghay et al., 1992; Sullivan et al., 2002, 
2005; Holliday et al., 2003). As a result, there are now numerous 
sampling strategies and sensor configurations designed for the 
purpose of observing vertical fine-scale patterns, many of which 
are described in this issue. For example, within this issue, ship-
based methods are detailed in Rines et al. and Sullivan et al.; 
acoustic methods are detailed in Benoit-Bird et al. and Holliday et 
al.; methods using moored autonomous profilers are described in 
Sullivan et al.; and methods using AUVs and gliders are described 
in Benoit-Bird et al., Moline et al., Ryan et al. and Wang and 
Goodman. In addition to the methods and instruments described 
in this issue, recently developed remote sensing techniques such 
as Light Detection and Ranging (LIDAR) are providing new 
information about the spatial extent and depth range of thin 
layers over large swaths of the upper ocean (Churnside and 
Donaghay, 2009), while mathematical theory and modeling has 
also played a major role in understanding thin layer dynamics 
(Franks, 1995; Osborn, 1998; Leising, 2001; Stacey et al., 2007; 
Durham, et al., 2009). 

1.3. Formation, maintenance and dissipation 

In order to understand the formation, maintenance and 
dissipation of a thin planktonic layer, one must consider the 
physical, chemical and biological mechanisms acting on a layer in 
concert. For thin layers to form and persist in the marine 
environment, divergent processes acting on the layer cannot 
exceed the convergent processes (e.g. Osborn, 1998; McManus et 
al., 2003; Stacey et al., 2007; Wang and Goodman, this issue). 
Turbulent mixing is a persistent divergence mechanism that, 
when present, will normally act to broaden the layer. Because of 
this effect, the majority of thin layers are found in stably stratified 
water columns, where turbulent mixing is reduced (but see Wang 
and Goodman, this issue). Recently, Stacey et al. (2007; Birch et al., 
2008) presented a mathematical framework describing how the 
thickness of a phytoplankton layer is affected by processes acting 
to broaden the layer (i.e. divergence) and those acting to thin the 
layer (i.e. convergence). In this analysis, the divergent process was 
turbulent diffusion, which can be caused by a variety of physical 
processes ranging from regional winds, and convective overturns, 
to the passage of non-linear internal waves. The convergent 
process included the physical process of straining by shear (after 
Franks, 1995), the biological processes of passive settling of 
phytoplankton on a density surface (i.e. buoyancy), and active 
swimming or migration by phytoplankton. 

While physical oceanographic processes, like turbulent mixing 
and shear, often provide the context for thin layer development, 
biological and chemical processes can play equal, if not more 

significant roles in the dynamics of thin layers. For example, non
motile or passive organisms/particles such as diatoms or marine 
snow may form thin layers by settling on or through strong 
density gradients (Alldredge et al., 2002), and motile organisms 
may actively aggregate into thin layers by responding to chemical 
and/or physical cues, seeking food, for sexual reproduction or for 
defense from predators (Dekshenieks et al., 2001; Leising, 2001; 
Holliday et al., 2003; McManus et al., 2003; Sullivan et al., this 
issue; Ryan et al., this issue). Other biological mechanisms such as 
in-situ growth, production, grazing and predation can also 
contribute to thin layer formation and persistence. For instance, 
if a thin layer of phytoplankton forms at a density surface that is 
within adequate light levels and co-located with a nutrient 
gradient, the population may experience higher growth rates, 
causing the layer to intensify. Furthermore, grazers such as 
zooplankton may form additional layers in response to this thin 
phytoplankton layer (McManus et al., 2003; Benoit-Bird et al.; 
Moline et al., this issue) which can feed back, causing the 
phytoplankton layer to become thinner and more distinct as a 
result of grazing pressure from zooplankton (Benoit-Bird et al., 
2009). Physics, water column chemistry and biology can all 
interact to affect thin layer dynamics. For example, Ryan et al. 
(this issue) describe a doubling in the average intensity of 
phytoplankton thin layers in northern Monterey Bay correspond
ing with parallel increases in shallow stratification, light avail
ability and nutrient concentrations in the thermocline. 
Environmental variability and the ecophysiology of a dominant 
phytoplankton species interacted to result in a thin-layer 
dominated bloom (Ryan et al., this issue). 

During the maintenance of a thin layer, one can presume that 
the divergences and convergences are in balance, or nearly so. 
During the formation stage, however, convergences must exceed 
divergences. In many cases, the processes responsible for main
taining the layer could also be responsible for forming it, but the 
timescale for layer development may dictate that other processes 
or conditions must be present during formation. An example was 
discussed in Steinbuck et al. (2009), in which it was found that a 
high dinoflagellate swimming speed was required during layer 
formation to overcome turbulent mixing and to match the 
observed formation time, but a reduced swimming speed was 
required to actually maintain the layer. Alternatively, variation in 
physical conditions (density, shear or turbulent mixing) may also 
allow layers to form more rapidly than would be expected based 
on conditions during the maintenance of the layer. 

At the other end of the layer’s lifetime, the dissipation of the 
layer is, of course, caused by layer divergence mechanisms 
exceeding the convergence mechanisms. Both organism behavior 
and turbulent mixing could be effective at dissipating a layer. 
Migration out of the layer could lead to a rapid and complete 
breakdown of the layer, while turbulence may have a more local 
effect on the layer, depending on the mechanism responsible 
for the increase in mixing. Large-scale changes in shear and 
stratification could lead to mixing that would dissipate an entire 
layer, whereas local mixing events, due to internal wave breaking 
or the passing of solitons, may only dissipate portions of the 
layer. 

1.4. Ecological importance 

The growing body of knowledge on thin layers indicates that 
these features may be a critical component to marine ecosystem 
dynamics and functioning. First, far from being unusual or rare, it 
is now clear that thin layers of plankton are common features and 
can be found in a wide variety of environments (Derenbach et al., 
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1979; Bjørnsen and Nielsen, 1991; Donaghay et al., 1992; Cowles 
and Desiderio, 1993; Carpenter et al., 1995; Holliday et al., 1998; 
Dekshenieks et al., 2001; McManus et al., 2003; Ryan et al., 2008). 
As thin plankton layers can often contain 50–75% (or more) of the 
total biomass in the water column (Holliday et al., 1998; Cowles et 
al., 1998; Sullivan et al., this issue), thin layers are likely to be 
concentrated areas of intense biological activity, likely playing a 
critical role in the life histories and evolutionary trajectories of 
many species that are found in or interact with thin layers. For 
example, it has been shown that fish feed preferentially on intense 
zooplankton thin layers, affecting the depth distribution and 
behavior of fish in Monterey Bay (Benoit-Bird, in review). While 
interactions within thin layers are just beginning to be investi
gated, thin layers are likely to be important for a variety of 
biological processes, including growth rates, reproductive success, 
grazing, predator–prey encounters, nutrient uptake and cycling 
rates, as well as toxin production (Lasker, 1975; Mullin and Brooks, 
1976; Sieburth and Donaghay, 1993; Donaghay and Osborn, 1997; 
Cowles et al., 1998; Hanson and Donaghay, 1998; Dekshenieks et 
al., 2001; Rines et al., 2002; McManus et al., 2008). In addition, the 
layering of the ocean and its plankton species into persistent thin 
structures acts to diversify and expand available ecological niche 
space. To exploit these niches, species may exhibit more 
specialization and adaptations, which has likely been an im
portant factor leading to the great species diversity of the 
plankton noted by Hutchinson (1961). 

The organisms or particles comprising a thin layer can be 
widely diverse. Some of the organisms that have been found in 
thin layer structures include bacteria (McManus et al., 2003), 
phytoplankton (Rines et al., 2002), zooplankton (Holliday et al., 
2003), bioluminescent organisms (Sullivan et al., 2003; Benoit-
Bird et al.; Moline et al., this issue) as well as marine snow and 
detritus particles (Alldredge et al., 2002). While thin layers can 
contain mixed species assemblages and trophic levels (Rines et al., 
2002, McManus et al., 2003), phytoplankton thin layers are often 
dominated by high concentrations of a single species (e.g. 
Nishitani et al., 1985; Richardson and Kullenberg, 1987; Nielsen 
et al., 1990; Dahl and Tangen, 1993; Bjørnsen and Nielsen, 1991; 
Carpenter et al., 1995; Gentien et al., 1995; Gisselson et al., 2002; 
Rines et al., 2002; Sullivan et al., 2003, 2005, this issue; Velo-
Suarez et al., 2008). Interestingly, a large number of harmful algal 
species have been observed in thin layers (Rines et al., 2002, this 
issue; Sullivan et al., 2003, 2005, this issue; McManus et al., 2008), 
indicating that understanding thin layers could be critical to 
harmful algal bloom research. 

1.5. Ramifications for ocean sensing 

Thin layers can significantly affect underwater visibility, 
imaging, vulnerability, optical communication and optical remote 
sensing (e.g. Zaneveld and Pegau, 1998; Petrenko et al., 1998; 
Sullivan et al., 2005, this issue; Churnside and Donaghay, 2009). 
As phytoplankton thin layers typically contain a significant 
percentage of the total water column chlorophyll, a large 
percentage of the absorption (a) and scattering of light can occur 
within the thin layers (Sullivan et al., 2005, this issue). Thin layers 
composed of different phytoplankton species and particles may 
have very different effects on the Inherent Optical Properties 
(IOPs) of the water column. For example, a thin layer composed 
primarily of phytoplankton may have higher absorption and 
scattering than a thin layer composed primarily of marine snow or 
detritus, but much lower backscattering (bb) and reflectance (�bb/ 
a), thus thin layers can increase or decrease the reflectance of the 
water column dependent on their optical properties. The thicker 

the thin layer, the shallower it occurs and the greater the layer’s 
reflectance deviates from the surrounding waters, the larger the 
influence on the surface reflectance (Petrenko et al., 1998). Deep 
thin layers would be invisible to satellite remote sensing and 
could represent an underestimation in satellite derived coastal 
productivity and carbon estimates. As well as affecting in-situ 
IOPs, a thin layer of bioluminescent organisms may represent a 
large source of underwater light. 

Thin layers not only impact oceanic optical properties and 
remote sensing, they can also affect acoustic propagation and 
sensing. While light is quickly attenuated in seawater, sound can 
be transmitted over great distances. As a result, sound is used in 
the ocean by humans and many other animals for sensing the 
environment, transmitting information, and navigating. Sound is 
lost in the ocean due to spreading, absorption, and scattering. 
Particles like zooplankton are important sources of acoustic 
scattering. Dense thin layers of zooplankton and ichthyoplankton 
can have significant impacts on the transmission and scattering of 
sound and thus how sound can be used in environments 
containing these layers. For example, an intense thin layer can 
affect the transmission of sonar signals through the water, 
backscattering so strongly that the sound cannot penetrate the 
layer, which can result in the layer being mistaken for the seafloor. 
This effect, however, varies with the composition of the layer 
because scattering is affected by the size, shape, and identity of 
the zooplankton in an assemblage (Holliday and Pieper, 1980). A 
layer made up primarily of copepods would likely not be detected 
by a low-frequency shipboard echosounder, but would be 
detectable by a bottlenose dolphin echolocating through the layer 
because of the higher frequency of its signal (Au, 1993). However, 
a layer of ichthyoplankton with gas filled swim bladders would be 
problematic for both the dolphin and for echosounders at all 
frequencies. Because sound is difficult to transmit through a 
strong acoustic scattering layer and the signal can be distorted by 
the scatterers, the presence of a zooplankton thin layer also has 
implications for underwater acoustic communications across the 
layer (Catipovic, 1990). While the effects of acoustic scatterers on 
signal transmission have been examined mostly for human 
communications systems, the effects are likely to be similar for 
a fish sending a mating call or a dolphin whistling to a companion. 
As a result, plankton thin layers have impacts both on the 
utilization of sound by humans and the behavior and ecology of 
acoustic species in the ocean. 

2. The LOCO project 

The Layered Organization in the Coastal Ocean (LOCO) project 
was a multi-investigator, multi-institutional, interdisciplinary 
program that undertook two, several weeklong field experiments 
in 2005 and 2006 to investigate thin plankton layers in Monterey 
Bay, CA. This project was a Department Research Initiative (DRI) 
funded by the Office of Naval Research (ONR) and involved 15 lead 
scientists, numerous graduate students, postdoctoral researchers 
and technical staff from 11 different institutions. The design and 
implementation of the LOCO experiment marked the culmination 
of over 10 years of previous thin layers research. 

One of the paramount objectives for thin layers research is to 
understand both how thin layers are governed by the physical, 
chemical and biological environment and to evaluate the 
ecological importance of these fine-scale biological structures in 
the marine environment. To this aim, the objectives of the LOCO 
project were to further investigate the spatial and temporal scales 
of thin layers, to quantify the relationship between thin layers and 
biological phenomenon as well as physical processes (from the 



mesoscale to the microscale), and to investigate the relationship 
between nearshore and offshore layers. 

2.1. Preceding experiments 

Two early thin layers experiments took place in 1996 and 1998, 
both in East Sound, WA, a fjord of Orcas Island-part of the San Juan 
Island group. The purpose of these experiments was to utilize new 
optical and acoustical instrumentation in conjunction with high-
resolution physical measurements and new deployment techni
ques to quantify the temporal and spatial scales of thin layers in 
the fjord. These experiments provided important insights into the 
physical, chemical and biological mechanisms contributing to thin 
layer dynamics (see Dekshenieks et al., 2001; Alldredge et al., 
2002; Rines et al., 2002; McManus et al., 2003; Sullivan et al., 
2003). In addition, these researchers found that, within the 
protected waters of East Sound, thin biological layers occurred 
frequently and could persist for days. 

This engendered the question, how prevalent are thin layers in 
other coastal areas? To answer this question, from 1999 to 2003, 
the Coastal Ocean Exploration: Searching for Thin Layers (COESTL) 
project surveyed 7 US coastal ocean sites for the presence of thin 
optical and acoustical layers. Thin layers were detected at 6 of 
these 7 sites: Cape Perpetua, OR; Monterey Bay, CA; Santa Barbara, 
CA; Oceanside, CA; Charleston Harbor, SC; and Destin, FL. The 
results from this survey showed that thin layers can develop not 
only in coastal fjords such as East Sound, but also in a variety of 
coastal systems, such as open bays, estuaries, and unprotected 
continental shelf regions (Cheriton et al., 2007). Of the 7 sites 
monitored, Monterey Bay, CA and East Sound, WA were identified 
as sites with the most intense and the most persistent thin layers. 

2.2. Study site for LOCO 

Monterey Bay was chosen as the study site for the LOCO 
project for several reasons. First, thin plankton layers were found 
to be both common and persistent features over the inner bay 
shelf during COESTL. Secondly, being a large coastal embayment 
with an open connection to offshore waters, Monterey Bay 
provided strong contrast with East Sound, where extensive thin 
layer studies were previously conducted. Third, the dynamics of 
the California Current strongly influence the bay, affording the 
opportunity to study thin layer ecology under a variety of 
conditions and forcing processes. Last, Monterey Bay and 
adjacent waters have long-term mooring and ship time-series, 
which provided understanding of the regional and seasonal 
context and valuable environmental data during the LOCO field 
programs. 

2.3. LOCO field program 

The LOCO Monterey Bay thin layer studies took place in the 
summers of 2005 and 2006. Two other programs in Monterey Bay, 
directly related to LOCO, also provide critical information for this 
special issue: the COESTL program, which occurred in August 
2002, and the Autonomous Ocean Sampling Network II program, 
which occurred in the summer of 2003. 

A nested sampling strategy was used to investigate the 
physical, biological and chemical processes contributing to thin 
layer dynamics in northern Monterey Bay. This nested sampling 
strategy consisted of a central mooring array (1–2 km), small 
vessel surveys (1–9 km), and large vessel and autonomous 
underwater vehicle surveys (25–30 km). 

Mooring array: The mooring array formed the ‘core’ of the 
program. Instruments to measure physical oceanographic struc
ture and processes, nutrients, optics and acoustics were deployed 
in northern Monterey Bay in an array configuration. The center of 
the array (36156.20N, 121155.80W) was located in roughly 20 m of 
water, 2.5 km from shore. The configuration of the array differed 
slightly between 2005 and 2006. Details of the arrays are given in 
the papers included in this special issue. 

Small vessel surveys: Several small vessels (o25 m) were used 
to make surveys of physical oceanographic structure and 
processes, nutrients, optics and acoustics in both 2005 and 
2006. The availability of small vessels allowed researchers to 
make measurements throughout the water column both in and 
around the mooring array and most importantly, allowed direct 
sampling of the water column within the array. These samples 
were preserved onboard and later analyzed in the laboratory. The 
sampling undertaken by the small vessels covered a spatial scale 
extending from nearshore to as far as 9 km offshore. 

Large vessel surveys: Two large vessels were used during the 
2005 and 2006 experiments (the R/V New Horizon and the R/V 
Thomas G. Thompson, respectively) to conduct measurements of 
physical oceanographic structure and processes, nutrients, optics 
and acoustics in survey transects that extended from the vicinity 
of the mooring array to many kilometers both along and offshore 
of the array. 

Autonomous vehicles: Autonomous underwater vehicles (AUVs) 
were deployed to measure physical oceanographic structure and 
processes, nutrients, optics and acoustics. These AUVs covered 
a larger spatial scale than the array and the small vessel surveys. 
Dorado and Slocum glider AUVs covered a spatial scale 
that ranged from the nearshore to more than 25 km offshore. 
REMUS AUVs covered a smaller spatial scale in the vicinity of the 
array. 

Complimentary data: Monterey Bay was chosen for a site, in 
part due to the many complimentary Ocean Observing programs 
in the area. Data was also obtained from The Center for Integrated 
Marine Technology (CIMT), The Network for Environmental 
Observations of the Coastal Ocean (NEOCO), The Partnership for 
the Interdisciplinary Study of the Coastal Ocean (PISCO), The 
Monterey Bay Aquarium Research Institute (MBARI), and the 
National Data Buoy Center (NDBC). This complimentary data 
provided a longer time series and larger scale context of 
oceanographic data, which proved to be invaluable for the 
interpretation of the results of the study. 

2.4. LOCO special issue 

As noted above, the group of researchers that participated in 
the LOCO project used a diverse array of measurement platforms, 
methodologies and state-of-the-art instrumentation to examine 
the spatial–temporal characteristics and dynamics of thin layers 
in Monterey Bay. An overview of the methodologies and results 
from the studies presented in this issue is as follows: Ryan et al. 
integrated intensive water column surveys using the DORADO 
Autonomous Underwater Vehicle (AUV) with satellite and moor
ing data to examine the spatial–temporal scales and interacting 
processes of phytoplankton thin layer development over the inner 
and outer shelf areas of Monterey Bay. Sullivan et al. used hourly 
measurements from an array of moored autonomous profilers and 
small ship based sampling to examine the spatial–temporal 
dynamics (biological and optical) of phytoplankton thin layers 
over several weeks during 3 different years in Monterey Bay. 
Using a specialized REMUS AUV, Wang & Goodman made 
collocated spatial measurements of turbulence, physical fine 
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structure and phytoplankton thin layers to examine if phyto
plankton thin layers can exist in both weak and strong turbulent 
conditions. Benoit-Bird et al. combined measurements from 
multiple measurement platforms with acoustic instruments on 
both ships and moorings, and optical measurements on both ship 
based profilers and an AUV, to examine the interactions occurring 
between phytoplankton and zooplankton thin layers in vertical 
space. In a companion paper, Moline et al. used similar multiple 
measurement platforms to examine the horizontal length scales 
and interactions of phytoplankton and zooplankton thin layers. 
Cheriton et al. used towed vehicle surveys to examine the 
horizontal and vertical relationships of phytoplankton thin layers 
in the nearshore and offshore environments. Holliday et al. used a 
multi-frequency acoustic mooring array to examine the vertical 
fine-scale dynamics of zooplankton thin layers and Rines et al. 
used small ship based adaptive sampling to collect water samples 
from inside and outside phytoplankton thin layers to elucidate the 
role that species-specific properties play in their dynamics. 

The papers in this special issue are but a subset of studies 
resulting from the LOCO project. Several LOCO investigators not 
represented in this issue nevertheless conducted important 
research that already has (or will be) published in other forums. 
Interested readers should search for studies by S. Bollens, T. 
Cowles, P. Donaghay, D. Fratantoni, A. Hanson, J. Steinbuck, and M. 
Sutor, while also searching for additional LOCO studies by the 
authors and co-authors included in this issue. 

Acknowledgements 

We are particularly grateful to Dr. James Eckman for his 
interest and special efforts to assure that this research move 
forward. We also thank the captains and crews of all research 
vessels that participated in these studies. 

The research in this special issue was supported by Office of 
Naval Research LOCO DRI award numbers: N000140410276 to P.L. 
Donaghay and J. M. Sullivan; N000140410254 to L. Goodman; 
N00014DO0122 and N000140710639 D. Van Holliday; 
N000140410311 to M.A. McManus, M.T. Stacey and J.P. Ryan; 
N000140410275 to J. E. B. Rines and P. L. Donaghay; and ONR 
Young Investigator award N000140510608 to K. Benoit-Bird and 
N000140310341 to M. Moline. 

References 

Alldredge, A.L., Cowles, T.J., MacIntyre, S., Rines, J.E.B., Donaghay, P.L., Greenlaw, 
C.F., Holliday, D.V., Dekshenieks, M.M., Sullivan, J.M., Zaneveld, J.R.V., 2002. 
Occurrence and mechanisms of formation of a dramatic thin layer of marine 
snow in a shallow Pacific fjord. Marine Ecology Progress Series 233, 1–12. 

Au, W.W.L., 1993. In: The Sonar of Dolphins. Springer-Verlag, New York. 
Benoit-Bird, K.J., 2009. Dynamic 3-dimensional structure of thin zooplankton 

layers is impacted by foraging fish. Marine Ecology Progress Series 396, 61–76. 
Benoit-Bird, K.J., Cowles, T.J., Wingard, C.E., 2009. Edge gradients provide evidence 

of ecological interactions in planktonic thin layers. Limnology and Oceano
graphy 54, 1382–1392. 

Benoit-Bird, K.J., Moline, M.A., Waluk, C. M., Robbins, I.C., 2010. Integrated 
measurements of acoustical and optical thin layers I: vertical scales of 
association. Continental Shelf Research 30 (1), 17–28. 

Birch, D.A., Young, W.R., Franks, P.J.S., 2008. Thin layers of plankton: formation by 
shear and death by diffusion. Deep-Sea Research I 55, 277–295. 

Bjørnsen, P.K., Nielsen, T.K., 1991. Decimeter scale heterogeneity in the plankton 
during a pycnocline bloom of Gyrodinium aureolum. Marine Ecology Progress 
Series 73, 263–267. 

Carpenter, E.J., Janson, S., Boje, R., Pollehne, F., Change, J., 1995. The dinoflagellate 
Dinophysis norvegica: biological and ecological observations in the Baltic Sea. 
European Journal of Phycology 30, 1–9. 

Catipovic, J., 1990. Performance limitations in underwater acoustic telemetry. IEEE 
Journal of Oceanic Engineering 15, 205–216. 

Cassie, R.M., 1963. Microdistribution of plankton. Oceanography and Marine 
Biology Annual Review 1, 223–252. 

Cheriton, O.M., McManus, M.A., Holliday, D.V., Greenlaw, C.F., Donaghay, P.L., 
Cowles, T., 2007. Effects of mesoscale physical processes on thin zooplankton 
layers at four sites along the West Coast of the US. Estuaries and Coasts 30 (4), 
1–16. 

Churnside, J.H., Donaghay, P.L., 2009. Thin scattering layers observed by airborne 
lidar. ICES Journal of Marine Science 66, 1–12. 

Cowles, T.J., Desiderio, R.A., Carr, M.E., 1998. Small-scale planktonic structure: 
persistence and trophic consequences. Oceanography 111, 4–9. 

Cowles, T.J., Desiderio, R.A., 1993. Resolution of biological micro-structure through 
in situ fluorescence emission spectra. Oceanography 6 (3), 105–111. 

Dahl, E., Tangen, K., 1993. 25 Years experience with Gyrodinium aureolum in 
Norwegian waters. In: Smayda, T.J., Shimizu, Y. (Eds.), Toxic Phytoplankton 
Blooms in the Sea. Elsevier, New York, pp. 15–21. 

Dekshenieks, M.M., Donaghay, P.L., Sullivan, J.M., Rines, J.E.B., Osborn, T.R., 
Twardowski, M.S., 2001. Temporal and spatial occurrence of thin phytoplank
ton layers in relation to physical processes. Marine Ecology Progress Series 223, 
61–71. 

Derenbach, J.B., Astheimer, H., Hansen, H.P., Leach, H., 1979. Vertical microscale 
distribution of phytoplankton in relation to the thermocline. Marine Ecology 
Progress Series 1, 187–193. 

Donaghay, P.L., Rines, H.M., Sieburth, J.M., 1992. Simultaneous sampling of fine 
scale biological, chemical and physical structure in stratified waters. Archiv 
fuer Hydrobiologie 36, 97–108. 

Donaghay, P.L., Osborn, T.R., 1997. Toward a theory of biological–physical control of 
harmful algal bloom dynamics and impacts. Limnology and Oceanography 42 
(5), 1283–1296. 

Durham, W.M., Kessler, J.O., Stoker, R., 2009. Disruption of vertical motility by 
shear triggers formation of thin phytoplankton layers. Science 323, 1067–1070. 

Franks, P.J.S., 1995. Thin layers of phytoplankton: a model of formation by near-
inertial wave shear. Deep-Sea Research 42 (1), 75–91. 

Gentien, P., Lunven, M., Lehaı̂tre, M., Duvent, J.L., 1995. In situ depth profiling of 
particle sizes. Deep-Sea Research 42, 1297–1312. 

Gisselson, L.A., Carlsson, P., Graneli, E., Pallon, J., 2002. Dinophysis blooms in the 
deep euphotic zone of the Baltic Sea: do they grow in the dark?. Harmful Algae 
1 (4), 401–418. 

Hanson, A.K., Donaghay, P.L., 1998. Micro- to fine-scale chemical gradients and 
layers in stratified coastal waters. Oceanography 11 (1), 10–17. 

Haury, L.R., 1976. A comparison of zooplankton patterns in the Californial Current 
and North Pacific Central Gyre. Marine Biology 37, 159–167. 

Haury, L.R., McGowan, J.A., Wiebe, P.H., 1978. Patterns and processes in the time-
space scales of plankton distributions. In: Steele, J.H. (Ed.), Spatial Pattern in 
Plankton Communities. Plenum Press, New York, pp. 277–327. 

Holliday, D.V., Donaghay, P.L., Greenlaw, C.F., McGehee, D.E., McManus, M.A., 
Sullivan, J.M., Miksis, J.L., 2003. Advances in defining fine- and micro-scale 
pattern in marine plankton. Aquatic Living Resources 163, 131–136. 

Holliday, D.V., Greenlaw, C.F., Donaghay, P.L., 2010. Acoustic scattering in the 
coastal ocean at Monterey Bay, CA USA: fine-scale vertical structures. 
Continental Shelf Research 30 (1), 81–103. 

Holliday, D.V., Pieper, R.E., 1980. Volume scattering strengths and zooplankton 
distributions at acoustic frequencies between 0.5 and 3 MHz. Journal of the 
Acoustical Society of America 67, 135–145. 

Holliday, D.V., Pieper, R.E., Greenlaw, C.F., Dawson, J.K., 1998. Acoustical sensing of 
small scale vertical structures in zooplankton assemblages. Oceanography 11 
(1), 18–23. 

Hutchinson, G.E., 1961. The paradox of the plankton. The American Naturalist 95, 
137–140. 

Lasker, R., 1975. Field criteria for the survival of anchovy larvae: the relation 
between inshore chlorophyll maximum layers and successful first feeding. 
Fisheries Bulletin 73, 453–462. 

Leising, A.W., 2001. Copepod foraging in patchy habitats and thin layers using a 2
D individual-based model. Marine Ecology Progress Series 216, 167–179. 

McManus, M.A., Alldredge, A.L., Barnard, A., Boss, E., Case, J., Cowles, T.J., Donaghay, 
P.L., Eisner, L., Gifford, D.J., Greenlaw, C.F., Herren, C., Holliday, D.V., Johnson, D., 
MacIntyre, S., McGehee, D., Osborn, T.R., Perry, M.J., Pieper, R., Rines, J.E.B., 
Smith, D.C., Sullivan, J.M., Talbot, M.K., Twardowski, M.S., Weidemann, A., 
Zaneveld, J.R.V., 2003. Changes in characteristics, distribution and persi
stence of thin layers over a 48-h period. Marine Ecology Progress Series 261, 
1–19. 

McManus, M.A., Kudela, R.M., Silver, M.V., Steward, G.F., Sullivan, J.M., Donaghay, 
P.L., 2008. Cryptic blooms: are thin layers the missing connection?. Estuaries 
and Coasts 31, 396–401. 

Moline, M.A., Benoit-Bird, K.J., Robbins, I.C., Schroth-Miller, M., Waluk, C.M., 
Zelenke, B., 2010. Integrated measurements of acoustical and optical thin 
layers II: horizontal length scales. Continental Shelf Research 30 (1), 29–38. 

Mullin, M.M., Brooks, E.R., 1976. Some consequences of distributional hetero
geneity of phytoplankton and zooplankton. Limnology and Oceanography 21, 
784–796. 

Nielsen, T.G., Kiørboe, T., Bjørnsen, P.K., 1990. Effect of a Chrysochromulina polylepis 
subsurface bloom on the planktonic community. Marine Ecology Progress 
Series 62, 21–35. 

Nishitani, L., Erickson, G., Chew, K.K., 1985. Role of the parasitic dinoflagellate 
Amoebophyra ceratii in control of Gonyaulaxcatenella populations. In: Proceed
ings of the Third International Conference on Toxic Dinoflagellates. Elsevier, 
Amsterdam, pp. 225–230. 

Osborn, T.R., 1998. Fine structure, microstructure, and thin layers. Oceanography 11 
(1), 36–43. 



� � 

� � 

Petrenko, A.A., Zaneveld, J.R.V., Pegau, W.S., Barnard, A.H., Mobley, C.D., 1998. 
Effects of a thin layer on reflectance and remote-sensing reflectance. 
Oceanography 11, 48–50. 

Richardson, K., Kullenberg, G., 1987. Physical and biological interactions leading to 
phytoplankton blooms: a review of Gyrodinium aureolum blooms in Scandina
vian waters. Rapports et Proces-Verbaux des Reunions Conseil Permanent 
International Pour L’exploration de la Mer 187, 19–26. 

Riley, G.A., 1976. A model of plankton patchiness. Limnology and Oceanography 21, 
873–880. 

Rines, J.E.B., Donaghay, P.L., Dekshenieks, M.M., Sullivan, J.M., Twardowski, M.S., 
2002. Thin layers and camouflage: hidden pseudo-nitzschia populations in a 
fjord in the San Juan Islands, Washington, USA. Marine Ecology Progress Series 
225, 123–137. 

Rines, J.E.B., McFarland, M., Donaghay, P.L., Sullivan J.M., 2010. Thin layers 
and species-specific characterization of the phytoplankton community in 
Monterey Bay, California, USA. Continental Shelf Research 30 (1), 66–80. 

Ryan, J.P., McManus, M.A., Sullivan, J.M., 2010. Interacting physical, chemical and 
biological forcing of phytoplankton thin-layer variability in Monterey Bay, 
California. Continental Shelf Research 30 (1), 7–16. 

Ryan, J.P., McManus, M.A., Paduan, J.D., Chavez, F.P., 2008. Phytoplankton thin 
layers within coastal upwelling system fronts. Marine Ecology Progress Series 
354, 21–34. 

Sieburth, J.M., Donaghay, P.L., 1993. Planktonic methane production and oxidation 
within the algal maximum of the pycnocline: seasonal fine-scale observations 
in an anoxic estuarine basin. Marine Ecology Progress Series 100, 3–15. 

Stacey, M.T., McManus, M.A., Steinbuck, J.V., 2007. Convergences and divergences 
and thin layer formation and maintenance. Limnology and Oceanography 52, 
1523–1532. 

Steele, J.H., 1978. In: Steele, J.H. (Ed.), Spatial Pattern in Plankton Communities. 
Plenum Press, New York. 

Steinbuck, J.V., Stacey, M.T., McManus, M.A., Cheriton, O.M., Ryan, J.P., 2009. 
Observations of turbulent mixing in a phytoplankton thin layer: implications 
for formation, maintenance, and breakdown. Limnology and Oceanography 54 
(4), 1353–1368. 

Sullivan, J.M., Donaghay, P.L., Moore, C., Zanevald, J.R., Hanson, A.K., Davis-Lunde, 
K., Greene, R.M., Weidemann, A.D., 2002. Ocean response coastal analysis 
system (ORCAS). In: Proceedings of the AGU-ASLO Ocean Sciences Meeting, 
11–15 February, Honolulu, HI. 

Sullivan, J.M., Swift, E., Donaghay, P.L., Rines, J.E.B., 2003. Small-scale turbulence 
affects the division rate and morphology of two red-tide dinoflagellates. 
Harmful Algae 2 (3), 183–199. 

Sullivan, J.M., Twardowski, M.S., Donaghay, P.L., Freeman, S., 2005. Using optical 
scattering to discriminate particle types in coastal waters. Applied Optics 44, 
1667–1680. 

Sullivan J.M., Donaghay, P.L., Rines, J.E.B., 2010. Coastal thin layer dynamics: 
consequences to biology and optics. Continental Shelf Research 30 (1), 50–65. 

Valiela, I., 1995. In: Marine Ecological Processes second ed. Springer-Verlag, 
New York. 

Velo-Suarez, L., Gonzalez-Gil, S., Gentien, P., Lunven, M., Bechemin, C., Fernand, L., 
Raine, R., Reguera, B., 2008. Thin layers of Pseudo-nitzschia spp. and the fate of 
Dinophysis acuminata during an upwelling–downwelling cycle in a Galician 
Rıa. Limnology and Oceanography 53 (5), 1816–1834.´ 

Wang, Z., Goodman, L., 2010. The evolution of a thin phytoplankton layer in strong 
turbulence. Continental Shelf Research 30 (1), 104–118. 

Zaneveld, J.R.V., Pegau, W.S., 1998. A model for the reflectance of thin layers, fronts, 
and internal waves and its inversion. Oceanography 11 (1), 44–47. 

James M. Sullivan �, D. Van Holliday, Malcolm McFarland 
University of Rhode Island, Graduate School of Oceanography, South 

Ferry Road, Narragansett, RI 02882-1197, USA 
E-mail address: jims@wetlabs.com (J.M. Sullivan) 

Margaret A. McManus 
University of Hawaii at Manoa, Department of Oceanography, 

Honolulu, HI 96822, USA 

Olivia M. Cheriton 
University of California Santa Cruz, Long Marine Lab, 100 Shaffer 

Road, Santa Cruz, CA 95060, USA 

Kelly J. Benoit-Bird 
Oregon State University, College of Oceanic and Atmospheric Sciences, 

104 COAS Administration Building, Corvallis, OR 97333, USA 

Louis Goodman, Zhankun Wang 
University of Massachusetts Dartmouth, School for Marine Science 
and Technology, 706 South Rodney French Blvd, New Bedford, MA 

02744, USA 

John P. Ryan 
Monterey Bay Aquarium Research Institute, 7700 Sandholdt Road, 

Moss Landing, CA 95039, USA 

Mark Stacey 
University of California, Berkeley, Civil and Environmental Engineer

ing, 665 Davis Hall, Berkeley, CA 94720, USA 

Charles Greenlaw 
302 Tailwind Drive, Seguin, TX 78155, USA 

Mark A. Moline 
Center for Marine and Coastal Sciences, California Polytechnic State 

University, San Luis Obispo, CA 93407, USA 


