
Vol. 378: 5 5 -6 9 , 2009
doi: 10.3354/meps07847

MARINE ECOLOGY PROGRESS SERIES 
Mar Ecol Prog Ser Published M arch 12

OPEN 
ACCESS

Physical and biological controls on the 
maintenance and dissipation of a thin 

phytoplankton layer

O. M. Cheriton1’*, M. A. McManus2, M. T. Stacey3, J. V. Steinbuck4

'Long M arine Lab, U niversity of California Santa Cruz, 100 Shaffer Road, Santa Cruz, California 95060, USA  
2D epartm ent of O ceanography, U niversity of H aw aii, H onolulu , H aw aii 96822, USA  

3Civil and Environm ent E ngineering Departm ent, University of California B erkeley, B erkeley, California 94720, USA  
'D epartm ent of C ivil and Environm ental E ngineering, Stanford University, Stanford, California 94305, USA

ABSTRACT: During an 8.5 h overnight study in M onterey Bay in 2005, continuous, high-resolution 
vertical profiles of a thin layer of phytoplankton as well as physical properties of the w ater w ere m ea­
sured. The thin layer was populated by strong-swimming, vertically m igrating dinoflagellates. This 
dataset provided a unique opportunity to apply an existing m athem atical model that describes how 
com peting convergence and divergence m echanism s contribute to the formation and structure of 
thin plankton layers. Com pared to straining by shear, cell settling velocities, and plankton motility, 
vertical displacem ents caused by the passage of internal waves had  the greatest influence on 
changes in layer thickness. Thus, for a model to accurately describe thin-layer dynamics in an envi­
ronm ent w ith internal waves, the convergent and divergent effects of the vertical oscillations caused 
by internal waves must be considered.
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INTRODUCTION

Advances in sam pling m ethods and in optical and 
acoustic technology over the past 2 decades have 
enabled observations of subsurface plankton patches 
with a vertical extent that is less than  the 5 m sampling 
resolution usually achieved using traditional bottles 
and nets (Cowles et al. 1990, Donaghay et al. 1992, 
Holliday et al. 1998, Osborn 1998). These 'thin layers' 
are ubiquitous features in the coastal ocean and are 
found in a variety of environm ents (McManus et al. 
2003, Cheriton et al. 2007). They can extend horizon­
tally for several kilometers and persist in the environ­
m ent for days (Rines et al. 2002). Thin layers may be 
composed of a w ide variety of organism s such as 
phytoplankton, Zooplankton, bacteria, viruses, larvae 
and m arine snow; however, they may also be com ­
posed of a single species that is distinct from the popu­
lations in the surrounding w ater column or other thin

layers (Alldredge et al. 2002, M cM anus et al. 2003). 
The concentrations of organism s w ithin thin layers are 
often orders of m agnitude greater than those above 
and below, indicating that thin layers may be regions 
of concentrated biological and chemical processes and 
interactions (McManus et al. 2008).

Over the past decade, several im portant findings on 
the relationship betw een thin plankton layers and the 
physical structure of the w ater column have been 
reported. Dekshenieks et al. (2001) found that thin 
phytoplankton layers in a North Pacific fjord w ere 
often associated w ith the pycnocline, and reported  that 
no thin phytoplankton layers w ere observed in regions 
of the w ater column w here the Richardson num ber (Ri) 
was <0.23. M cM anus et al. (2003) reported  that thin 
layers can persist in regions w here turbulence is m ode­
rate but insufficient to cause vertical mixing. During a 
2002 study in M onterey Bay, California, thin layers of 
Zooplankton w ere associated w ith regions of reduced
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current velocity, or in the layer of no motion, indicating 
that organism s w ithin the thin layer may have a 
decreased transport rate (McManus et al. 2005). Con­
sequently, thin layers may be im portant m echanisms 
for the retention of larvae and harmful algal bloom 
phytoplankton species in the coastal environm ent 
(Donaghay & Osborn 1997, M cM anus et al. 2008).

Several m echanisms have been  proposed to result in 
the formation of thin layers. First, buoyancy may cause 
organism s and biological m aterial such as marine snow 
to settle based on density gradients (Derenbach et al. 
1979, Franks 1992, A lldredge et al. 2002). Second, 
broad patches may be thinned by vertical shear due to 
current jets, internal waves, or horizontal intrusions 
(Kullenberg 1974, Franks 1995, Stacey et al. 2007, 
Ryan et al. 2008). In addition, other biological p ro­
cesses may play a role in thin layer formation either 
through in situ grow th of phytoplankton, active swim­
ming by phytoplankton and Zooplankton, or differen­
tial grazing (Donaghay et al. 1992, Cowles et al. 1998, 
O sborn 1998, A lldredge et al. 2002, Holliday et al. 
2003, M cM anus et al. 2003, 2005).

Franks (1995) presen ted  a num erical model w hereby 
along-isopycnal patches of phytoplankton can be 
thinned by the shear created  by vertically propagating, 
low-frequency, near-inertial internal waves. In this 
model, a vertical column of passive phytoplankton u n ­
dergoes horizontal velocities created  by near-inertial 
internal waves. The shear created  by these horizontal 
currents acts to stretch the column horizontally and 
thin the vertical dim ension of the patch. The layers 
produced by this model had  vertical 
thicknesses that w ere less than that of 
the near-inertial wave and w ere d i­
rectly related  to the vertical shear and 
the horizontal scale of the original 
phytoplankton patch.

Recently, Stacey et al. (2007) p re ­
sented a m athem atical fram ework d es­
cribing how the thickness of a phyto­
plankton layer is affected by processes 
acting to thin the layer (i.e. conver­
gence) and those acting to broaden it 
(i.e. divergence). In this framework, the 
net rate of change of layer thickness is 
expressed as the sum of the rate of 
change due to convergence processes 
and the rate of change due to d iver­
gence caused by turbulent diffusion 
(Stacey et al. 2007). The convergence 
processes considered include straining 
by shear, passive settling of phyto­
plankton on a density surface (i.e. 
buoyancy), and active swimming by 
phytoplankton. Here, we use the m ath­

em atical fram ework devised by Stacey et al. (2007) to 
evaluate which of the considered convergence m echa­
nisms had  the potential to be the prim ary process 
involved in the creation and m aintenance of an 
observed thin layer of phytoplankton over an 8.5 h 
period.

MATERIALS AND METHODS

Sampling and instrumentation. From 21:30 h on 
26 Aug to 06:00 h on 27 Aug 2005, we conducted a 
study of thin phytoplankton layers in the northeastern 
region of M onterey Bay (Fig. 1). From a small research 
vessel anchored at this site (36.9356°N, 121.9191°W), 
we collected high-resolution vertical profiles of physi­
cal and optical properties of the w ater column using a 
custom-built, slow-drop profiler. This profiler was out­
fitted w ith a SeaBird SBE-25 CTD, w hich collected 
m easurem ents of tem perature, salinity, and pressure at 
a frequency of 8 Hz. Also included on the profiler was 
a Wet Labs ac-9, w hich m easured spectral absorption 
and attenuation at 9 w avelengths betw een 412 and 
715 nm. Particulate absorption at 440 nm (ap440) is 
generally dom inated by phytoplankton chlorophyll a 
(chi a) absorption. Unlike m easurem ents of chi a 
fluorescence, ap440 is an inherent optical property 
that rem ains stable under different oceanographic and 
phytoplankton concentrations (Twardowski et al.
1999). Thus, we used ap440 to identify fine-scale opti­
cal structure in our profiles. Buoyancy floats at the top
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of the profiler cage enabled  the profiler to descend 
through the w ater column at an average rate of ~8 cm 
s_1 and ensured that the profiler's dow nw ard motion 
was decoupled from the ship's movement. One vertical 
profile was com pleted roughly every 4 min for the 8.5 h 
period. Occasionally, the profiler was held at the sur­
face for instrum ent checks, m aintenance, and w ater 
sample collection. During this overnight survey, we 
collected a total of 99 profiles.

A low-pass filter was applied to the salinity data to 
remove anomalous spiking at the top of the pycnocline. 
Density was com puted with the raw  tem perature and 
the smoothed salinity data using the equation of state 
(Pickard & Emery 1990). Using the resulting density 
values, we calculated the squared Brunt-Väisälä fre­
quency (AT2) as:

9
N  =  —

d z ( 1)

w here g  is gravitational acceleration, p0 is the m ean 
density, z  is depth  and ot = (p(s, tO) -  1000) kg n r 3. In 
the latter equation p is density calculated from salinity 
(s) and tem perature (t) values, w ith pressure = 0 dbar 
(Pond & Pickard 1983).

The Thorpe scale, Lt, which provides an estim ation of 
the overturning scale, was calculated as the root m ean 
square displacem ent of each density m easurem ent, 
based on the reordering of the density profile to m ake 
it gravitationally stable (see Fig. 2; Thorpe 1977). 
Assuming that Lt is equal to the largest overturning 
scale in the stratified flow (i.e. the Ozmidov scale, after 
Itsweire et al. 1993), we calculated the turbulent dissi­
pation rate using:

e = L2tN 3 (2 )
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Fig. 2. E xam ple  of (a) an  orig inal a t p rofile , (b) th e  sam e a t 
profile  so rted  in to  a  s tab le  configuration , a n d  (c) th e  re su ltin g  

T horpe scale  (Lt) profile , u s in g  a 20 cm  b in  av erag e

w here N  is the Brunt-Väisälä frequency. Because we do 
not have direct m easurem ents of turbulence during this 
sampling period, these values for e are approxim ate and 
based on the assumption that the Thorpe scale is equal to 
the Ozmidov scale (Gibson 1980, Dillon 1982).

C urrent velocity was m easured by a vessel-m ounted 
600 kHz RD Instrum ents W orkhorse acoustic Doppler 
current profiler (ADCP) attached to the side of the ves­
sel in a dow nward-looking mode. The current velocity 
data w ere processed by first rem oving all false data 
(m easurem ents 'below the seafloor') and all values 
w ith an average correlation < 60 % (after Storlazzi et al. 
2003). We also rem oved velocity data that exceeded 
expected maximum horizontal and vertical current 
speeds (0.5 and 0.25 m s_1, respectively). Then, to 
reduce the effects of w ave-induced motions of the ves­
sel on the data, w e averaged values into 2 min ensem ­
bles and twice-fit them  to a 5th order polynomial. 
Shear w as calculated after Itsweire et al. (1989) as:

' 9 V yI 3z J i, dz ) (3)

w here U and V are the along- and across-shore current 
velocity components.

The N 2 and S values w ere used to calculate the g ra ­
dient Richardson num ber (Ri) w ith the formula:

Ri = N 2 (4)

Ri defines the relative im portance of stabilization by 
vertical density stratification versus destabilization by 
vertical shear in horizontal velocity. A threshold value 
of Ri = 0.25 is generally assum ed to be the transition 
betw een regions of active mixing (Pinkel & Anderson 
1997a,b) and regions w here the effects of buoyancy act 
to inhibit mixing (Pond & Pickard 1983).

A therm istor chain composed of Onset tem perature 
loggers was deployed in the northeastern  part of M on­
terey Bay at Stn E (36.9364°N, 121.9192° W), ~90m from  
the shipboard sam pling site (Fig. 1). The loggers w ere 
located at 1, 10, and 13.7 m above the seafloor in a 20 m 
w ater column and collected m easurem ents every 30 s. 
M ean w ater level was com puted using the pressure 
readings from a seafloor-mounted, upw ard-looking 
600 kHz RDI Workhorse that was also deployed at Stn E. 
At Stn W (36.9277° N, 121.9310° W), -1.5 km from our 
sampling site, we deployed a Brooke O cean Technology 
autonomous SeaHorse profiler. The SeaHorse was outfit­
ted with a Sea-Bird Electronics SBE-25 CTD and a Wet 
Labs WETStar fluorom eter and collected hourly high- 
resolution vertical profiles of tem perature, salinity, d en ­
sity, pressure, and chi a fluorescence.

H ourly-averaged wind velocity data w ere com puted 
using wind m easurem ents from the National Data 
Buoy C enter (NDBC) 46042 mooring, located -42 km 
west of Moss Landing (Fig. 1).
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Thin layer identification. Thin layers of phytoplank­
ton w ere identified using an algorithm based on the 
4 criteria set forth by Dekshenieks et al. (2001). In 
order for an ap440 peak  to be considered a thin layer, 
the feature must be <5 m thick at full-width, half- 
maximum, must contain at least 7 data points, and 
have an optical signal 3x g reater than the background 
levels (Fig. 3). In addition, the feature must be present 
in at least 2 subsequent profiles. These are conserva­
tive criteria shown to accurately define the presence/ 
absence of thin layers in coastal environments.

The m ean in-layer values of AT2, shear, and Ri w ere 
calculated by first defining the upper and lower depth 
boundaries of the thin layer in each profile. These 
boundaries w ere identified as the depths at the full- 
width, half-maximum of the ap440 profile peak (Fig. 3). 
The data w ithin the boundaries w ere then averaged 
for each profile.

Settling of cells. The settling velocity of the cells, 
vsettier was calculated using the cell-specific density 
and a modified version of Stokes Law (after McNown & 
M alaika 1950) as:

ff£>2(pc- p  f) 
18 |U(j) (5)

w here g  is gravitational acceleration (9.8 m s~2), D is 
the nominal cell diameter, pc is the cell-specific d en ­
sity, pf is the local density of the fluid, g is the kinematic
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Fig. 3. T h in -layer iden tification  criteria  (after D ek sh en iek s et 
al. 2001), sh ow ing  a v e rtica l p rofile  of ap440 (circles) co llected  
by  th e  slow -drop  p rofiler a t 23:45 h  d u rin g  th e  overn igh t 
survey, w ith  th e  p e a k  (♦ ), lay e r th ick n ess a t full-w idth , half- 
m axim um  (black  line), an d  b ack g ro u n d  lev e l (gray line)

viscosity of w ater (~10~3 kg n r 1 s_1), and ^ is the form 
resistance term  associated w ith the shape of non- 
spherical cells. We used (|)= 1.088 ± 0.010, the value 
associated w ith Akashiw o sanguinea  (syn. G ym no­
dinium sanguineum ) cells (Kamykowski et al. 1992).

Mathematical framework. Following the model put 
forth by Stacey et al. (2007), the net rate of change of 
layer thickness 1 for the observed thin layer was calcu­
lated betw een subsequent profiles as:

an _ AÍ 
d t j  nei Á t (6 )

The thinning effects of shear can be analyzed for a 
patch of a vertical extent 1 and at an angle w ith the 
horizontal 0 (see Stacey et al. 2007). If the velocity pro­
file is described by a constant gradient a, then the rate 
by w hich layer thickness 1 decreases is

T -) = ~ laBu £ s strain (?)

This relationship indicates that, as the patch gets 
strained towards the horizontal (i.e. 0 approaching 0), 
the effectiveness of straining is diminished. Finally, for 
very small angles (tan0 ~ 0), 0 and a  are related to the 
total time over which the patch has been  strained by 
the relationship

1
(8 )a 0  =  -  

t
which can be substituted into Eq. (7) to give:

“I^t 'strain
(9)

w here t is the time, in s, since the start time or original 
time of formation (t0) of the layer (Stacey et al. 2007).

The rate of change of layer thickness due to the set­
tling velocity of the cells can be expressed as:

an _
- j .  I W s e f f i e ld 1 ' settle

( 10)

w here vsett¡el is the settling velocity of cells at the upper 
(shallower) boundary of the thin layer, and vsett¡e2 is 
that at the bottom boundary. Both settling velocities 
w ere determ ined using Eq. (5) and the density m ea­
surem ents collected by the profiler.

The rate of layer thinning due to the motility of the 
organism s is given by the swimming speed of the 
phytoplankton, -w s (Stacey et al. 2007). H ere we 
assume that, once the thin layer is established, any 
swimming by phytoplankton will be directed towards 
the center of the layer, giving a rate of layer thinning of

T ") = ~2w sà t  Jm etu
( it)

A comparison of the above rates of layer thinning 
helped us to evaluate w hich convergence m echanism



C h erito n  e t al.: Physical an d  b io log ical controls on a  th in  layer 59

— straining, settling, or motility — had the greatest in ­
fluence on the formation and m aintenance of the thin 
layer. An analysis of layer divergence and comparison 
of the predicted layer dynamics with the actual (net) 
rate of change of layer thickness enabled  us to evalu­
ate the likely role of these convergences in the ob­
served layer dynamics.

RESULTS 

Survey observations

The overnight survey was conducted betw een  the 
transition from neap to spring tide during a period of 
m oderately strong (-7 m s-1) northw esterly w inds and 
strong therm al stratification (Fig. 4). The survey period 
began  at the end  of ebb tide and w as concluded at the 
end of flood tide (Fig. 5a). A thin layer of phytoplank­
ton was observed at m id-depth from the start of sam ­
pling at 21:30 h on 26 Aug until 05:41 h on 27 Aug, 
w hen it b roadened and decreased in intensity 
(Fig. 5b). The first few hours of sampling, from 21:30 to 
00:00 h, w ere characterized by strong bottom currents 
and a relatively shallow therm ocline (Fig. 5c-e). Dur­
ing this initial sam pling period, a low-salinity layer

with values -0.03 units below background levels was 
located just below the pycnocline (Fig. 5f). Data col­
lected by an autonomous underw ater vehicle deployed 
in M onterey Bay during this survey suggest that this 
low-salinity layer was an intrusion of fresher offshore 
w aters (J. Ryan pers. comm.). The pycnocline g radu ­
ally shoaled until slack tide at 00:00 h (Fig. 5g). Also 
during this period, bottom shears w ere elevated 
(-0.06 s_1) and there was a sharp boundary betw een 
high Ri values (>1) in the upper w ater column (z < 8 m) 
and low Ri values (<0.25) at dep th  (Fig. 6b,c). The 
deeper w ater column was also characterized by e le ­
vated overturning scales (Lt up to 0.5 m), while Lt val­
ues w ithin the region of the thin layer w ere <0.1 m 
(Fig. 6d). During slack tide, the N 2 values w ithin the 
pycnocline region increased by an order of m agnitude, 
and ap440 values w ithin the thin layer increased by 
>60%  (Figs. 5b & 6a).

However, as flood tide progressed, both N 2 and in ­
layer ap440 values gradually decreased. The pycno­
cline also deepened  and the layer of low salinity d e ­
creased and actually becam e a region of slightly 
above-background salinity (Fig. 5f,g). In addition, there 
was an increase in the overturning scales in the upper 
w ater column as well as in the e values just above the 
thin layer, in the region of the pycnocline (Fig. 6d,e).

The later part of the flood tide period 
(-03:00 to 05:30 h) was characterized by 
a 2 -layer flow, with a southwesterly (off­
shore-moving) bottom current, and a 
northeasterly (onshore) flow in the u p ­
per part of the w ater column (Fig. 5c,d). 
The thin layer was located w ithin the 
strongest region of offshore-directed 
flow. While shear levels w ere low du r­
ing this period, a thin layer of m oderate 
shear developed betw een  these 2 oppo­
sitely moving w ater masses, just above 
the thin layer (Fig. 6b). The region of 
slightly elevated Ri values was no 
longer confined to just the upper w ater 
column, but expanded to almost the e n ­
tire w ater column (Fig. 6c).

Two internal w ave packets, sepa­
rated  by -2  h, w ere observed during 
flood tide. Oscillations from the first 
internal w ave packet w ere detected  by 
the profiler from -01:00 to 03:30 h 

08/30 (Fig. 5). Data from the nearby therm is­
tor chain indicate that both internal 
wave packets had  an average am pli­
tude of -5.7 m; however, the average 
period of the first packet was -9  min, 
while that of the second packet was 
-13 min. After the passage of the first
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internal wave packet from 04:00 to 05:00 h, the pycno­
cline gradually deepened  from -5.6 to 12.5 m and dis­
played no large vertical oscillations (Fig. 5g). Also d u r­
ing this period, the in-layer ap440 values decreased by 
-30%  (Fig. 5b). The second internal w ave packet was 
observed starting at -05:25 h (Fig. 5). At the onset of 
this second internal wave packet, the upper boundary 
of the ap440 layer jum ped 4.8 m (from -12.1 to 7.3 m 
depth) and the pycnocline jum ped 3.5 m (from -12.5 to 
9.0 m depth; Figs. 5b,g & 7a,b). This rapid shoaling 
occurred over a 7 min period (3 profiles).

Conditions within the thin layer

Throughout the survey, the m ean in-layer shear and 
N 2 values rem ained fairly constant at -0.06 s_1 and 
0.0005 s~2, respectively (Fig. 8a,b). With the exception 
of 2 profiles, m ean in-layer .Rivalries w ere >0.25 for the 
entire survey (Fig. 8c). From 21:30 to 23:30 h, both layer 
thickness and the change in ot over the vertical extent 
of the layer (Aot) gradually decreased (Fig. 8d,e). The 
same param eters fluctuated over the period 01:00 to 
03:30 h (Fig. 8e), w ith variance coefficients of -31 and
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41 %, respectively. Beginning at 04:00 h, Aot increased same time period, the bottom boundary of the thin layer
by -85% , while layer thickness increased by 62% over only deepened  by -0.02 m, while the upper boundary
the course of 16 min (6 profiles) (Fig. 8d,e). Over this shoaled by -1.96 m. At the onset of the second internal
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wave packet (05:25 h), layer thickness increased by 
>500% over the course of 21 min (7 profiles), while Aot 
increased by only 100 % over the same period (Figs. 7 & 
8d,e). From 05:41 to 05:48 h (3 profiles), the phyto­
plankton layer thickness exceeded 5 m and no longer 
met our definition of a thin layer.

Organisms within the layer

W ater samples taken  during this experim ent indi­
cated that the predom inant phytoplankton species 
comprising the thin layer was the dinoflagellate spe­
cies Akashiw o sanguinea  (J. Rines pers. comm.). 
These cells had  a roughly ellipsoid shape, with

length, w idth and height axes of 75, 50, and -12 pm 
(J. Rines pers. comm.); we chose to use an average 
cell diam eter of 65 pm for Eq. (5). While these 
dinoflagellates are generally considered to be n eg a­
tively buoyant, having a reported  cell-specific d en ­
sity pc of 1073 ± 7 kg n r 3 (Kamykowski et al. 1992), 
they are also capable vertical migrators (Park et al. 
2002, Smayda 2002). We used the swimming velocity 
ws = 298 pm s-1, based  on the in vitro observations 
m ade by Park et al. (2002). This value is in the upper 
range of swimming speeds recorded for this dinofla­
gellate (Smayda 2002), but is similar to the vertical 
migration speeds observed by other optical profilers 
deployed at this time in our study region (J. Sullivan 
pers. comm.).
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Convergence mechanisms

Hourly SeaHorse profiles from Stn W (Fig. 1) indicate 
the timing of layer formation. On 26 Aug, the fluores­
cence profile com pleted at 17:00 h showed a broad sur­
face fluorescence patch, while the next profile, com ­
pleted at 18:00 h, showed that this patch had  m igrated 
to deeper water. While the SeaHorse profiler was 2 km 
away from our sam pling site, the observations by other 
researchers' optical profilers deployed in the region 
suggest that the chi a layer observed by the SeaHorse 
profiler w as the same layer observed by the shipboard 
profiler, and that the diel migration pattern  was coinci­
dent across the entire layer (J. Sullivan pers. comm.). 
A lthough these observations indicate a motility- 
dom inated formation mechanism, w e will assum e a 
similar start time of 17:30 h in analyzing the effects of 
straining.

The m ean observed rate of change of layer thickness 
(9l/d t)net was on a scale of mm s_1 (Table 1). The m ean 

rates of change of layer thickness attributed to strain­
ing by shear, settling and motility w ere found to be 1 to 
4 orders of m agnitude less than (d l/d t)net (Table 1). 
Only in the 9 profiles collected during slack tide was 
the m ean rate of change of layer thickness due to 
motility of the same order of m agnitude as (d l/d t)net 
(7.95 X 10~4 m s-1 and 5.96 x 10~4 m s-1, respectively). 
As indicated by the convergence rates in Table 1, the 
motility m echanism  is an order of m agnitude stronger 
than either straining or buoyancy, which is consistent 
with the assum ption of a layer formed by diel m igra­
tions.

The greatest rates of change in layer thickness 
occurred during the 2 internal wave packets. However, 
because each vertical profile took -4  min to complete 
and the therm istor data indicates that the period of 
these internal wave packets was 9 to 13 min, it is likely 
that the rate of change in layer thickness during this 
period was under-sam pled. To estim ate the maximum 
dl/d t due to internal waves, w e can exam ine the rate 

of spreading and narrow ing betw een the isotherms 
associated w ith the upper and lower boundaries of the

thin layer (13.61 ± 0.09 and 13.24 ± 0.02°C, respec­
tively). The depth  of these isotherms was determ ined 
by interpolating the therm istor chain tem perature 
data. The greatest spreading betw een these isotherms 
occurred at the crests and troughs of the internal 
waves, w ith the distance betw een the isotherms rang ­
ing betw een -1.5 and 3.5 m (Fig. 9). The rate of change 
of this distance ranged betw een 0 and 11 cm s~4 and 
had a m ean value of -1 cm s-1, w hich is roughly equiv­
alent to the maximum observed d l/d t of the thin layer 
(0.9 cm s-1).

Assuming that the changes in layer thickness due to 
these internal wave fluctuations are somewhat con­
strained by isopycnals, w e can rem ove most of the 
effects of the internal w ave expansions and contrac­
tions by moving the Stacey et al. (2007) m athem atical 
framework into ot space. First, we consider

laiAojj f d ( A o t )

V dt  )  n e t { dt / c o n v  '  9 1 J c

w here Aot is the change in ot over the boundaries of the 
layer. The first term  in Eq. (12) was determ ined using 
the observed change in ot across the layer (Fig. 8e). 
The rates of change in layer thickness in ot space due 
to the 3 convergent mechanisms, as determ ined using 
Eqs. (6), (9), (10) & (11), can be converted into ot coor­
dinates using the chain rule:

taiAoji raiAojï ran (13)
V d t  J  c o n v  '  a i  J c o n v ^ d t  ' c o n v

w here the second term  is the local gradient of ot across 
the layer. Similar to the analysis based on the 9 profiles 
collected during slack tide, the results of these calcula­
tions in ot space further support the supposition that 
this thin layer was formed and m aintained by the 
swimming behavior of phytoplankton. Looking at the 
entire survey period in ot space, the m ean rate of 
change due to motility over the entire survey is still an 
order of m agnitude less than that of the net (observed) 
9(AGí)/9t (Table 1). We can parse this analysis into 

4 time periods of continuous sampling: 
(1) end  of ebb tide (21:30 to 22:40 h, 15 
profiles); (2) slack tide (23:20 to 00:10 h, 
9 profiles); (3) start of flood tide (00:40 
to 03:30 h, 42 profiles); and (4) end of 
flood tide (04:00 to 06:00 h, 33 profiles). 
Closer exam ination of the m ean 
9(AGí)/9t over these 4 separate periods 
reveals that, for periods 1 to 3, 
(d(Á<5t)/dt)moti¡ was of the same order of 
m agnitude as (d(Á<5t)/dt)net, and decli­
ned  only to 30% of the latter (Fig. 10). 
However, during period 4, the m ean

T able  1. M e a n  abso lu te  v a lu e  (± SD) of th e  ra te  of ch an g e  of lay e r th ick n ess for 
th e  3 co n v erg en ce  m echan ism s a n d  th e  n e t (i.e. m easu red ) ra te  of ch an g e  of 

lay e r th ick n ess in  b o th  v e rtica l sp ace  (m s~4) an d  a t sp ace  (kg n r 3 s~4)

M echan ism
dl
dt

3(Aot )
d t

N et 2.10 x IO-3 ± 2.20 x IO-3 1.18 x IO-4 ± 1.67 x IO-4
M otility 5.96 x IO-4 ± 0.08 x IO-4 6.06 x IO-5 ± 1.35 x IO-4
S tra in ing 5.82 x IO-5 ± 3.15 x IO-5 6.83 x IO-6 ± 1.82 x IO-5
Settling 2.60 x IO-7 ± 2.01 x IO-7 3.03 x 10-s ± 7.00 x IO-8
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in g  th e  S tacey  et al. 2007 m odel) for p h y to p lan k to n  m otility 
(dotted), sh ea r (m edium  dash), a n d  se ttlin g  (large dash) for 

4 pe rio d s of con tinuous sam pling

DISCUSSION

During the summer of 2005, the phytoplankton com ­
munity in M onterey Bay was dom inated by the strong- 
swimming dinoflagellate Akashiw o sanguinea  (Rines 
et al. 2006). At night, surface patches of A. sanguinea  
m igrated out of the nutrient-depleted  surface w aters to 
form thin layers in the more nutrient-replete w aters at 
depth  (Donaghay et al. 2006). Although the swimming 
behavior of these dinoflagellates most likely caused 
the formation of the thin layer w e observed, the m ech­
anism that had  the greatest effect on changes in layer 
thickness throughout its duration, once it was estab ­
lished at depth, was the passage of internal wave 
packets.

observed 9(Aoi)/9 tw as >200%  that of motility (Fig. 10), 
suggesting that the swimming ability of the cells alone 
could not account for the observed expansion of the 
layer during this period.

Anomalous physical and biological conditions

W hen assessing the likelihood of thin layer formation 
in a given environm ent, it is im portant to consider not
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only the present seed population, but also the large- 
scale processes that govern these biological popula­
tions. In the summer of 2005, anomalous physical and 
biological conditions w ithin the California C urrent 
System (CCS) likely resulted in the dinoflagellate - 
dom inated phytoplankton assem blage observed in 
M onterey Bay during our study period.

From M arch to October, the subtropical h igh-pres­
sure cell over the Pacific typically produces w inds from 
the northw est along the California coast. These winds 
drive the upwelling of cold, high-nutrient w ater at 
coastal points and headlands (Breaker & Broenkow 
1994). At Pt. Año Nuevo, an upwelling center 
-20 miles north of M onterey Bay, the upw elled w ater 
bifurcates, w ith one tongue flowing equator-w ard and 
offshore and the other extending across the m outh of 
M onterey Bay (Rosenfeld et al. 1994). The tem perature 
and nutrient characteristics of this upw elled w ater are 
generally thought to be conducive to highly produc­
tive, diatom -dom inated phytoplankton blooms (Hood 
et al. 1990, Pennington & Chavez 2000, Wilkerson et al.
2000). However, a very different phytoplankton com ­
munity was observed in M onterey Bay during the sum ­
m er of 2005 (Rines et al. 2006, R. Jester pers. comm.). 
This atypical phytoplankton assem blage was most 
likely caused by changes in the predom inant physical 
regim e along the w est coast of the US during this 
period (Barth et al. 2007).

In the spring of 2005, a nearly 2 mo delay in the onset 
of upw elling-favorable w inds resulted in anomalous 
physical, chemical and biological conditions th rough­
out the CCS, affecting regions from Vancouver Island 
to Baja California (Hickey et al. 2006, Kudela et al. 
2006, Barth et al. 2007). The effects of the delayed 
onset of upw elling-favorable w inds (higher nearshore 
surface tem peratures, lower nutrient concentrations, 
and below -average prim ary production) w ere most 
pronounced in shelf w aters along the O regon and 
W ashington coast (Hickey et al. 2006, Barth et al. 
2007). However, although the central California 
coast experienced relatively normal (i.e. upwelling- 
favorable) w ind forcing throughout the summer of 
2005, Schwing et al. (2006) em phasizes that the anom ­
alous conditions observed in the CCS w ere more 
strongly im pacted by the delayed onset of these winds 
than the cumulative am ount of upwelling that fol­
lowed. Also, Hickey et al. (2006) notes that the local 
oceanographic conditions in different regions of the 
CCS are not only strongly affected by local winds, but 
also by rem ote forcing. As a result, the delayed onset of 
upwelling coupled with the anomalous conditions off 
the Oregon and W ashington coasts may have signifi­
cantly affected and altered the Central California 
marine ecosystem. While the consequences of the d e ­
layed onset of upwelling w ere most strongly expressed

in the biological communities in upper trophic levels 
(Sydeman et al. 2006, Weise et al. 2006), we hypothe­
size that these conditions also resulted in the observed 
dinoflagellate-dom inated phytoplankton assem blage 
observed in M onterey Bay during our study period.

Thin layer formation

At the time of our study in M onterey Bay, the 
observed phytoplankton community was extrem ely 
diverse, but the upper w ater column was dom inated by 
the dinoflagellate A kashiw o sanguinea  (Rines et al.
2006). W ater samples indicate that A. sanguinea  was 
the prim ary phytoplankton species comprising the thin 
layer we observed (J. Rines pers. comm.). A myriad of 
diatom species was also found in near-bottom  waters, 
but the majority w ere observed to be in poor structural 
condition. While dinoflagellates are not typically effec­
tive competitors against diatoms in m oderately en er­
getic, high-nutrient upwelling regions (Walsh et al. 
1974, Smayda 1997), the anomalous conditions along 
the west coast of the USA in the spring and summer of 
2005, and the distribution of available nutrients, may 
have been particularly suited to dinoflagellate blooms. 
Off the coast of Oregon, m ean nutrient concentrations 
in 2005 w ere 30% below average levels (Barth et al.
2007). Exceptionally low nutrient concentrations w ere 
observed in the nearshore surface w aters of M onterey 
Bay, w ith a steep nutridm e present at depth  (Hanson 
et al. 2006).

Because Akashiw o sanguinea  are highly motile, with 
reported  in vitro swimming speeds of 32 to 410 pm s_1 
(Park et al. 2002, Smayda 2002), it is likely that these 
phytoplankton w ere able to reach the nutrients at 
depth  via diel migration. In August of 2005, Donaghay 
et al. (2006) observed populations of A. sanguinea  
m igrating out of the nutrient-depleted surface w ater at 
night to more nutrient-rich w aters at depth  w here they 
formed thin layers at the depth  of the nutridm e. Our 
estim ated rates of layer convergence in ot space sup­
port the hypothesis that these layers w ere formed by 
diel m igration patterns. How dinoflagellates exploit 
their motility to take advantage of nutrient gradients 
through vertical migrations, depth-keeping and sub­
surface layers is well docum ented by both laboratory 
and in situ  studies (Eppley & Harrison 1975, Holligan 
1979, 1987, Smayda 1997). In addition, thin (<5 m 
thick), subsurface layers of dense dinoflagellate 
blooms have been observed in a variety of habitats 
(Kiefer & Lasker 1975, Lasker & Zeifel 1978, Bjornsen 
& Nielsen 1991). Throughout our survey, the thin layer 
was consistently co-located with the narrow  region of 
near-zero overturning (Lt) scales (Fig. 6d). During ebb 
tide, the elevated Lt scales below the layer may have
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been effective at transporting nutrients across the 
nu tridm e and towards the layer (Fig. 6d). As the tide 
began  to flood, overturning scales below the layer 
decreased and the thin layer deepened  and lessened in 
intensity. Also during flood tide, the upper boundary of 
the layer was characterized by elevated turbulent d is­
sipation (e) rates (Fig. 6e). The higher e values, com ­
bined with the narrow  region of elevated shear located 
just above the thin layer, may have contributed to the 
thinning of the patch by eroding the top part of the 
layer (Fig. 6b,d). Grazing by Zooplankton on the edges 
of this layer may have also contributed to the thinning 
of the patch (V. Holliday pers. comm.).

Controls on layer thickness

With the data  from this study, w e had a unique 
opportunity to apply the m athem atical model put forth 
by Stacey et al. (2007) in order to test the effectiveness 
of different convergence m echanism s in thinning and 
m aintenance of a thin layer of phytoplankton. While 
the average net rate of change in layer thickness was 
small (-2 mm s_1), all of the considered convergence 
m echanisms — straining by shear, settling, and cell 
motility — had  associated thinning rates that w ere 
orders of m agnitude less than this observed rate 
(Table 1). Except during one 20 min period during 
slack tide, these 3 mechanisms, even taken  together, 
could not account for the observed rates of change in 
layer thickness. We hypothesize that this was due to 
internal waves expanding and contracting the layer on 
relatively short time scales. Internal waves are regular 
features over the M onterey Bay shelf and occur most 
frequently during the transition from spring to neap 
tide and w hen the tidal range is betw een 1.5 and 1.7 m 
(Storlazzi et al. 2003). While our overnight study took 
place betw een neap and spring tide, the maximum 
tidal range was just over 1.5 m (Figs. 4b & 5a). Storlazzi 
et al. (2003) observed that during the transition from 
ebb to flood tide, w arm  bore-like internal tide features 
move onto the shelf, causing a sudden w arm ing and 
reversal of depth-averaged currents. In spring and 
summer months, packets of 8 to 10 internal waves fol­
low the heads of these bore-like features (Storlazzi et 
al. 2003). Because these internal waves are associated 
with internal tides and bore-like features generated  at 
the shelf-break, they can be extrem ely energetic (Os­
trovsky & Stepanyants 1989). M cM anus et al. (2005) 
observed a close relationship betw een  internal wave 
heights and the average vertical thickness of Z o o ­

plankton layers; an increase in internal wave height 
often corresponded to an increase in the thickness of 
the layer, and -40%  of the variability in m ean layer 
thickness could be attributed to internal w ave height.

Similarly, the largest changes in layer thickness we 
observed in the present study occurred during the pas­
sage of internal waves. During the surface flood tide 
period of our study, we observed 2 internal wave pack­
ets that w ere 2 h apart (Fig. 5). The vertical fluctuations 
due to these 2 internal wave packets, especially the 
second one, strongly affected the vertical thickness of 
the layer (Fig. 7d). During the first internal wave 
packet (-01:00 to 03:30 h), the changes in layer thick­
ness in both physical and ot space exhibited m oderate 
vertical fluctuations and rapid changes in thickness 
(Fig. 8d). Although the frequency of the vertical p ro­
files under-sam pled this internal w ave signal and sub­
sequently underestim ated the rate of change in layer 
thickness during this period, the m ean rate of spread­
ing and divergence of therm istor-chain isotherms is of 
the same order of m agnitude as the maximum obser­
ved rate of change in layer thickness (~1(F2 m s-1; 
Fig. 9). After these vertical fluctuations ended, how ­
ever, both the thickness and the intensity of the layer 
rem ained relatively unchanged com pared to the initial 
(01:00 h) values.

In contrast, the second set of internal waves corre­
sponded to large changes in both Az and Aot, and we 
hypothesize that this caused the rapid broadening of 
the layer. At the onset of the second internal wave 
packet at 05:25 h, the upper boundary of the thin layer 
shoaled rapidly (-8 mm s_1; Fig. 7). This rate of shoal­
ing far exceeds the fastest observed swimming speeds 
of Akashiw o sanguinea  (Smayda 2002). While the 
physical space betw een the upper and lower bound­
aries of the thin layer increased by >220%, the Aot 
betw een these boundaries only changed by 50% 
(Fig. 7), suggesting that the observed change in layer 
thickness was caused by isopycnals spreading with the 
onset of this internal wave packet. Previous observa­
tions of thin Zooplankton layers in M onterey Bay have 
noted that, while they w ere frequently m odulated by 
internal waves, the fluctuations did not cause the lay­
ers to dissipate (McManus et al. 2005, Cheriton et al.
2007). However, Sevadjian (2008) reported  the tem po­
rary dispersion of a thin Zooplankton layer in M am aia 
Bay, Hawaii, during the passage of internal waves.

The rapid shoaling at 05:25 h is also evident in the 
physical da ta  (Figs. 5 & 6). The high-salinity layer, the 
pycnocline, and the region of low Lt associated with 
the layer all exhibited similar shoaling. C urrent velo­
city also changed in vertical structure. The southw est­
erly (offshore) flow associated w ith the layer also 
shoaled and expanded (Fig. 5d), while the 2 -layer flow 
structure lessened in strength (Fig. 5c). The abrupt 
changes in both biological and physical metrics might 
suggest the advection of a frontal feature across our 
profiling site. Indeed, J. Ryan et al. (unpubl. data) 
report locally enhanced fluorescence light height lev­
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els at a frontal boundary associated with intrusions of 
low-salinity offshore w aters into the shelf w aters of 
M onterey Bay. However, while the advection of a 
frontal feature across our profiling site could cause the 
observed increase in layer thickness and decrease in 
layer intensity, the tem perature and salinity data  do 
not show evidence for such a feature.

It is also unlikely that phytoplankton motility led to 
the observed layer broadening. The rate of layer 
broadening from 05:25 to 05:31 h exceeded the swim­
ming speeds of Akashiw o sanguinea  by several orders 
of m agnitude. In addition, after temporarily b roaden­
ing to >5 m (05:41 to 05:48 h), the layer thickness d e ­
creased back to -2  m (Fig. 8d). Furtherm ore, the ob­
served broadening of the thin layer occurred 30 min 
prior to the beginning of civil twilight (06:08 h; (http:// 
aa.usno.navy.mil) and 1 h before sunrise (06:35 h).

CONCLUSIONS

In August 2005, w e conducted an overnight survey 
of thin layers in M onterey Bay using a high-resolution 
profiler. Over an 8.5 h period, w e collected 99 vertical 
profiles and observed a dense thin layer of A kashiw o  
sanguinea  at the base of the pycnocline, co-located 
with a thin region of salinity anomalies. The vertical 
structure of the layer and the w ater column indicates 
that motility w as more effective than either straining or 
buoyancy in forming and m aintaining the observed 
layer. However, the calculated rates of change in layer 
thickness due to these 3 m echanism s alone could not 
account for the observed changes in layer thickness. 
This discrepancy is due to the displacem ent of the 
layer by internal waves. The isotherms that bounded 
the layer w ere found to be spreading and diverging at 
a m ean rate roughly equivalent to the maximum 
observed rate of change in layer thickness (1(D2 m s-1). 
We conclude that greater rates of change in layer 
thickness occurred w ith the passage of these internal 
waves, but the slow frequency of the vertical profiles 
sm eared this signal. W hen accounting for the effects of 
isopycnal expansion and contraction in the m athem at­
ical framework, phytoplankton motility em erges as a 
plausible m echanism  for layer convergence. In density 
coordinates, the m ean rate of convergence due to 
motility is of the same order of m agnitude as the 
observed rates of change, except during the passage of 
the second internal wave, during w hich the layer 
broadened rapidly.

We hypothesize that the isopycnal spreading associ­
ated w ith the onset of an internal wave packet directly 
caused the broadening of the observed thin phyto­
plankton layer. Consequently, although the formation 
and m aintenance of this thin layer may have been dri­

ven by the vertical migration and depth-keeping of the 
strong-swimming A. sanguinea, the physical forcing 
by internal waves had  the potential to exert greater 
influence on the thickness of the layer and override the 
depth-keeping ability of the phytoplankton. Thus, for a 
model to accurately describe the convergence and 
divergence processes governing the boundaries of a 
thin layer in a region subject to internal waves, it must 
take into account the effects of internal w ave motion.
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