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INTRODUCTION

Although it is generally recognized that coupling
between physical and biological processes modulates
abundance and species composition of plankton in the
world oceans, the dominant scales of these inter-
actions are poorly understood (Denman & Powell 1984,
Mackas et al. 1985, Yamazaki et al. 2002). Meso-scale
spatial heterogeneity in zooplankton distributions has
been observed for over a century, and was formally
quantified more than 50 yr ago (Hardy & Gunther

1935). While numerous subsequent studies related
plankton spatial structure to hydrographic and physi-
cal structure, fine-scale (i.e. m) and microscale (i.e. mm
to cm) patterns are generally thought to be stochastic
and ephemeral in nature (e.g. Fasham 1978). If this is
true, estimates of primary and secondary production in
the world oceans based on random fluctuations in
small-scale plankton distributions would average out,
thus requiring only very coarse sampling of the plank-
ton community to describe its composition. However,
more recent studies have shown that within plankton
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communities, species-specific patterns in abundance
can form as a function of fine-scale physical structure
(Owen 1989, Davis et al. 1992, Gallager et al. 1996b)
and may persist for many days (Donaghay et al. 1992,
Cowles & Desiderio 1993, reviewed in Cowles et al.
1998). If this scale is undersampled or, worse, ignored,
the result of persistent fine-scale structure will be gross
underestimates of production (Cowles et al. 1998).

Vertical fine-structure has been observed since the
study of Eckart (1948), and is usually described in
terms of mixing, such as the interaction between den-
sity stratification and horizontal shear (Gargett et al.
1984). One of the net results of shear is to redistribute
horizontal variance onto vertical variance, producing
the typical multiple-layer effect, or steps, commonly
observed in CTD profiles of stratified water columns
(Eckart 1948, Kullenberg 1978, Osborn 1998). Intru-
sion of adjacent water masses (Ochoa 1987) and pro-
duction of ephemeral structures related to the break-
ing of internal waves (Franks 1995) are also possible
mechanisms for fine-structure formation.

Layers of plankton and particles can form in associa-
tion with vertical fine-structure by both common and
unique mechanisms. Both non-motile particles such as
marine snow and motile plankton may simply be re-
distributed by shear along with a water mass as shown
in the unique dye experiments of Kullenberg (1978).
Particles and plankton may also accumulate at density
discontinuities at the base of the mixed layer (Land &
Wood 1987) and above the pycnocline (MacIntyre et al.
1995) through a reduction in sinking speed as they
enter regions of greater density and viscosity (Gallager
et al. 1996a). A mechanism available to motile plank-
ton alone is the ability to swim in an organized and
directed manner into a desired region and form aggre-
gations at local concentrations which greatly exceed
those that would be expected if a population were
randomly distributed.

When would we expect plankton to follow local flow
and when should they be able to swim independently
of turbulence and form aggregations? The local micro-
scale environment of plankton in which feeding and
mate location take place is quite different physically
from the fine-scale distances over which vertical migra-
tion may occur. Therefore, this question must be
addressed as a function of scale, whether it be body
size, volume of the flow field generated by the swim-
ming and feeding organism, or a characteristic length
scale determined by the swimming pattern. Turbulent
energy dissipation at the ocean surface ranges from
10–5 to 10–4 W kg–1, decreasing with increasing depth to
about 10–6 W kg–1 within 10 m (Yamazaki & Kamy-
kowski 1991, Osborn et al. 1992) and to about 10–7 to
10–10 W kg–1 in the stratified depths of the ocean
(Gargett 1989). Yamazaki & Squires (1996) used the

Ozmidov scale to relate the turbulence energy spec-
trum to the root mean square (rms) turbulence velocity.
They suggested that many plankton, increasing in size
from large protozans to copepods and decapods, are
capable of swimming independently of local flow when
their swimming speed is equal to or greater than rms
turbulence velocities. Although rms velocities vary con-
siderably with depth, wind stress and internal shear,
the results of Yamazaki & Squires (1996) provide a
direct means of comparing plankton swimming capac-
ity with ambient turbulence. Thus, plankton may be
dependent on local flow for their transport, or may
possess some ability to swim independently as they
migrate through regions of the water column where
dissipation rates span >6 orders of magnitude. Their
transport will be directly related to the swimming
speed of the individual plankton species and local, un-
correlated fluctuations in turbulence velocity. To under-
stand how plankton behavior and swimming potential
contribute to the formation of plankton layers in the
ocean, physical variables must be measured to calcu-
late density gradient and shear, together with simulta-
neous measurements of rms turbulence velocities and
plankton swimming speeds. Although this has been
accomplished in the laboratory in confined vessels
(Saiz 1994), in situ measurements have not been made.

The present study was part of the US Global Ocean
Ecosystems Dynamics (GLOBEC) program on Georges
Bank in the NW Atlantic Ocean. Our intention was to
observe and quantify vertical distributions and be-
havior of plankton in relation to the prevailing physi-
cal fine-structure and microstructure. Questions we
addressed were: (1) What are the potential physical
and biological mechanisms of the accumulation of
non-motile particulates and aggregation of swimming
plankton into discrete vertical layers? (2) What is the
relationship between plankton swimming speed and
aggregation with reference to background flow?
During the cruise, a towed video plankton recorder
(VPR) was used to obtain mesoscale structure and
plankton distributions for comparison with the results
reported in this study; the results of this comparison
will appear elsewhere.

MATERIALS AND METHODS

Physical setting. As part of a series of US GLOBEC
cruises to Georges Bank during the spring of 1995 on
RV ‘Endeavor’ Cruise EN267, we sampled intensively
in the Southern Flank region using the towed VPR
and a 3-dimensional imaging system (3DVPR) on the
remotely controlled vehicle (ROV) ‘Jason’. On June 16,
1995, a linear transect was made with the towed VPR
(Transect 15) between 00:37 and 09:17 h; the transect
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extended 52 km from the Southern Flank to the shelf
edge (Fig. 1). The VPR was undulated from the surface
to 10 m off the bottom while data on temperature,
salinity, density, fluorescence and light transmission,
along with images from the VPR, were plotted and
viewed in real-time. The real-time display of the VPR
showed the edge of a warm-core ring adjacent to
cooler shelf water and a subsurface chlorophyll maxi-
mum at about 40 m (Fig. 2). After completing the tran-
sect, we doubled-back to deploy the ROV and 3DVPR,
returning to a location where the chlorophyll maxi-
mum was most intense. The deployment reported here
was at 4034.19 N and 6740.51 W, about 18 km west of
the beginning of VPR Transect 15.

Density was calculated from salinity and tempera-
ture sampled at a frequency of 3 Hz using Sea Bird
sensors mounted on the ROV. Data from the ship’s RD
Instruments (RDI) 150 kHz acoustic doppler current
profiler (ADCP) were binned into 3 m bins, and the
ship’s motion was subtracted using bottom-tracking.
Shear was calculated as described in Gallager et al.
(1996b) from the difference in velocity between the
centers of each bin as:

∂u/∂z =  [(∂ui/∂z)2 + (∂uj/∂z)2]1/2 (1)

where ui and uj are the northerly and easterly components
of velocity (u) and z is depth. Richardson numbers (Ri)
were calculated from Brunt-Vaisala frequencies (N 2) and
shear stress, where N 2 = –g/ρ(∂ρ/∂z), ρ is density, and Ri =
N 2/(∂u/∂z)2. Density profiles were filtered to correspond

with the 3 m bins used for the calcu-
lation of shear. Both density and
shear were interpolated to a common
depth, using cubic splines before cal-
culation of N 2 and Ri.

The critical Ri used to indicate
the likelihood of mixing through
turbulent instability depends on the
scale over which density and shear
have been measured. Ri critical
has been experimentally deter-
mined as 0.25 when density and
shear are measured at scales of
centimeters, and closer to 1 when
values are averaged over scales of
meters (Kundu & Beardsley 1991,
Yamazaki & Osborn 1993). Because
of sampling constraints with the
ADCP, our averages of shear over
3 m bins suggest that a more con-
servative critical Ri value should be
used. For this reason, we consider
Ri <1 to indicate regions where
shear instabilities result in mixing
on scales of meters.

Optical sampling techniques. The ROV ‘Jason’ was
used to position the imaging system at various depths
in the water column and collect data on plankton
swimming behavior and motion of passive particles in
3D. To compensate for passive torque and thus mini-
mize thruster usage, ‘Jason’ was trimmed to neutral
buoyancy at a depth of 10 m with coincident centers
of gravity and buoyancy. Changes in buoyancy
with depth were not sufficient to affect vehicle per-
formance. The imaging system consisted of a 2-axis
3DVPR system mounted on a 2 m-square frame
affixed to the front of ROV ‘Jason’ (Fig. 3a). The sep-
aration distance between each camera and its paired
strobe was 2 m and the distance of the frame to the
front of ‘Jason’ was 2 m. The cameras were aligned
on orthogonal axes with concentric image volumes,
such that the view of one camera was from the top
looking down (X–Y plane, Fig. 3b), and the other was
from the side looking laterally into the water column
(Y–Z plane, Fig. 3c). Magnification of both cameras
was set with appropriate lenses to a field of view
(FOV) of 6.1 × 5.2 × 7.3 cm (width × height × depth).
The strobe beams were fitted with a long pass-filter
(Schott No. RG715) with 50% transmission at 715 nm,
collimated to a diameter of ca. 10 cm, and directed
across the image volume 8° off camera axis. The
resulting forward-scattered and diffracted light pro-
duced a high-contrast image with particles appearing
bright against a dark background (see images in
Gallager et al. 1996b).
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Fig. 1. Advanced very high-resolution radiometry showing sea-surface temperature
(°C) in Georges Bank region on June 17, 1995. Note warm-core rings impacting the
Southern Flank at about the 200 m isobath. Video plankton recorder (VPR) Transect
15 is shown as black line extending southeast from the 70 to the 200 m isobath, with 

remotely operated vehicle (ROV) Jason deployment indicated by cross
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Calibration. The concentricity and 3D registration of
the 2 orthogonal cameras were established using a
2 × 2 × 2 cm Plexiglas cube held in the FOV. The image
volume was defined by transferring the spatial dimen-
sions from the 8 corners of the cube to the X–Y and
Y–Z images, which were then combined to form a
3D image (Fig. 3d; see subsection ‘Data processing’
below). Temporal and spatial resolutions were 0.016 s
and ~100 µm, respectively.

Recording. The video signals from both cameras
were modulated onto a fiber-optic cable, transmitted to
the surface, demodulated, and recorded on separate
Betacam SP recorders. Video signals were displayed
side by side for piloting purposes. A time-code genera-
tor inserted field-accurate (1/60 s) time into the video
signals of both cameras during recording, allowing
precise time-matching of the video. A 1 kHz tone was

inserted into the audio tracks to signal the video-
digitizing hardware to begin and end data extraction
(see below).

Environmental sensors. A complete suite of envi-
ronmental sensors was mounted on the ROV, includ-
ing Sea Bird temperature, conductivity and pressure
sensors, a Sea Tek fluorometer configured for chloro-
phyll, and a transmissometer configured for maxi-
mum absorption at 520 nm. Environmental data were
recorded at 3 Hz and plotted in real-time at the sur-
face.

Sampling protocol. A total of 7 deployments with
ROV ‘Jason’ were made during Cruise EN267; 3 in the
well-mixed area inside the 60 m isobath, 3 in stratified
water on the Southern Flank, and 1 outside the shelf-
break front along the 200 m isobath. After some exper-
imentation, we found that the most efficient sampling
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Fig. 2. Hydrographic data and tow
path for VPR Transect 15. ROV ‘Jason’
deployment indicated by vertical line
in first 5 graphs. Temperature, fluores-
cence, salinity, attenuation and den-
sity units = °C, volts, psu, units/m, and
sigma-t, respectively. EDT: Eastern 

Daylight Time
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prototcol was to descend to a particular depth, move
forward into an undisturbed volume of water, and
coast to a stop while maintaining vertical and horizon-
tal position by watching the video displays of the VPR
cameras. Recording sequences were limited by the
length of the tether to about 3 min, before slack was
removed by the ship’s motion. Typically, 15 to 30 min
were spent at each 5 m depth interval, with intervals
extending from the surface to 10 m off the bottom.
Video recorders remained active during transition

between depth intervals to allow continuous estimates
of plankton distributions.

Data processing. Both semi-automated and manual
methods of digitizing video signals were used to ana-
lyze particle and plankton paths. The semi-automated
approach involved digitizing the signals either in
real-time (single channel) or from the video-tapes
(2 channels digitized sequentially) using a Motion
Analysis VP110 image-processor. This system uses a
nearest neighbor-algorithm to track the centroids of
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Fig. 3. (a) ROV ‘Jason’ with 3D video plankton
recorder (3DVPR) mounted on front of vehicle,
camera frame is 2 m square; (b) X–Y and (c) Y–Z
views from Cameras 1 and 2, with overlapping
fields of view 2.5 × 2.2 × 4 cm; (d) 3D reconstruc-
tion of plankton and particle paths. Axes are in mm

a

d
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particles through time after setting minimum and
maximum thresholds for particle luminosity, size, and
speed. The ASCII output file, consisting of time x, and
location y of particle centroids linked into paths was
processed further in Matlab (MathWorks, Cambridge,
Massachusetts) using a variety of custom programs.
When processing X –Y, Y–Z camera signals sequen-
tially, the 1 kHz audio tone, recorded previously on the
tapes, was used to trigger the processor to begin digi-
tizing a video sequence, thus affording field-accurate
time-matching of stereo sequences.

Although the VP110 allowed bulk-tracking of thou-
sands of particles during each 2 to 3 min video segment
that was useful for statistical purposes, it did not allow
individual identification of particles and their associ-
ated paths. To obtain data on individual identified
plankton, a custom package for manually tracking
was developed using Matlab. A user would typically
advance the video-tape recorder field by field and use
a mouse to click on the center of a target identified
sequentially through time. X –Y and Y–Z video-tapes
were processed sequentially, and the data were merged
using time as an index. Position, component velocities,
speed, and a variety of statistical parameters were
used to characterize each path. Both actively swim-
ming plankton and passive particles which appeared
to follow the average flow field were digitized. This
allowed a statistical evaluation of the best approach
for separating plankton paths from those of passive
particles automatically, through bulk analysis with
the VP110.

Particle tracks from the VP110 were subjected to sta-
tistical analyses for parameterization of turbulence and
plankton swimming speeds. First, the X –Y and Y–Z
data for each path were merged using time as an
index. To determine error associated with the digi-
tization and merging processes, and to correct for
misalignment and registration of the image volumes,
the Y data common to both views were regressed in a
least-squares manner and the slopes used to interpo-
late a correction factor. A correction was calculated
for each deployment, since some adjustments to the
optical system were made during the cruise; r2 values
were always significant to the 0.001 level. Next, a
matrix of 3D particle positions over time for each path
was assembled, followed by calculations of displace-
ment and velocity (u, v, w) in each of 3 directions, x,
y, z. To remove the effect of common mode motion due
to positioning the ROV, the time-dependent average
velocity of the ensemble was calculated between each
video field as:

Ux = ∑u/N Uy = ∑v/N, Uz = ∑w/N (2)

where N is the number of particles in a field. Ux, Uy

and Uz were subtracted from each path at each time

interval to produce background corrected velocities uc,
vc, wc along each path:

uc = u – Ux vc = v – Uy wc = w – Uz (3)

Mean (–uc, ––vc, ––wc) and root mean-square (rms) fluctuat-
ing (u’, v’, w ’) components of the Lagrangian velocity
along the length of each path were calculated respec-
tively as:

–uc = ∑uc /n –vc = ∑vc /n ––wc = ∑wc /n (4)

where n is the number of observations within a path,
and:

u’  =  12232∑(uc – –uc)2/n2222

v ’  =  122222∑(vc – –vc)2/n232 (5)

w ’ =  122222∑(wc – ––wc)2/n332

The 3-component turbulence velocity, q (m s–1), was
calculated by:

q = 1233(u ’)2 + (v ’)233+3(w ’)23 (6)

The Lagrangian integral time scale F (s) was estimated
by integrating the autocorrelation c (∆t ) of q along each
path up to the first zero crossing:

F = ∫c (∆t ) d∆t (7)

The Lagrangian integral length scale (m) was defined
as lL = q∫F (Tennekes & Lumley 1972). Finally, the
energy dissipation rate ε (W kg–1) for a given path was
estimated by:

ε =  Aq3/lL (8)

where A is a nondimensional constant of the order 1
(Kundu 1990, Moum 1996). ε was ensemble-averaged
across particle paths at a bin width of 1 s.

For comparison with rms fluctuating velocities of pas-
sive particles following flow, the ensemble-averaged
speed for all plankton was calculated as:

Ue = 1323(uc
2 + vc

23+ wc
2)33 (9)

and the average speed U along a given plankton path
was calculated as:

Ua = 1323(–uc
2 + –vc

23+ ––wc
2)33 (10)

Separation of motile plankton. It was necessary to
develop a statistic that would allow separation of active
plankton from passive particles based on data ob-
tained through manual analysis, which could later be
applied to the semi-automated analyses. To accom-
plish this, 450 particles and plankton were tracked
manually under a variety of environmental conditions.
Plankton which could be identified manually because
of their shape or motion were categorized separately
from particles which tended to follow general flow
through the image volume. Acceleration was calcu-
lated for passive particles and plankton and compared
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through computation of a coherence function (Cqs)
which is the magnitude-squared coherence between
particle and plankton accelerations:

Cqs = Pqs
2�(Pqq Pss ) (11)

where Pqq is the power spectrum magnitude for particle
acceleration, Pss is the power spectrum magnitude for
plankton acceleration, and Pqs is the cross-spectral
density between Pqq and Pss.

Plankton and particle distributions. Fine-scale and
microscale vertical distribution of plankton in relation
to physical structure of the water column were ob-
tained as ROV ‘Jason’ descended and ascended be-
tween depths. Zooplankton, phytoplankton, and pas-
sive particles were grouped into categories depending
on how they appeared in the 3DVPR images. Samples
obtained by water-bottle casts were examined to help
establish these categories and to confirm identifica-
tions. Phytoplankton categories included rod-shaped
diatoms, the colonial diatoms Chaetoceros socialis, a
large amorphous mass of cells, and C. debilis, a cork-
screw-shaped chain diatom. The dinoflagellate Cera-
tium sp. was identified by virtue of its unique anchor
shape. Zooplankton categories included juvenile and
adult stages of the copepods Calanus sp., and Pseudo-
calanus sp., copepods other than these 2 species, and
all copepod nauplii. Taxa observed clearly in the
VPR images but not included here (since they were
relatively rare) were larvaceans, hydroids, pteropods,
chaetognaths, and a variety of lesser taxa.

Plankton concentrations were calculated from num-
bers of a given taxon imaged per unit volume multiplied
by the sampling frequency (60 Hz × 231 cm3 = 13.9 l s–1).
Individual observations of plankton were time-matched
with depths and ROV translational speeds were inter-
polated from the CTD record and then binned at inter-
vals of 5 cm in the vertical domain. These data were used
directly for estimates of aggregation at the microscale,
while fine-scale distributions were prepared by averag-
ing over 1 m intervals. Care was taken not to make mul-
tiple identifications of the same individual, since ROV
speeds were less than the imaging rate of the cameras.

To identify where plankton and particles had accu-
mulated into well-defined layers, a peak in the fine-
scale vertical distribution of a given particle type with
respect to depth was defined as the local maximum
at which the preceding concentration gradient (dp/dz),
where p is the concentration of a particular particle
type, exceeded 50% of the maximum gradient ob-
served for that plankton or particle type. Correlative
relationships for local maxima or peaks identified in
this way and hydrographic and physical variables
(salinity, N 2, Ri) were identified.

A plankton aggregation index (Ag) was used to eval-
uate the microscale (<1 m) distribution independently

of total plankton abundance using a point-process
similar to that described by Gallager et al. (1996b). At
each depth where behavioral observations were made
along a given transect, the horizontal distribution of
each plankton group was processed using a sliding 1 m
window centered on each individual. N represents the
total number of individuals of a particular group in a
transect with length L, and Ni is the number of indi-
viduals within 1 m of each ith individual along that
transect (i = 1, 2, 3..., N ). Under randomness, the ex-
pected value of Ni is 2(N – 1)/L. Ag, then, is defined as:

Ag = (∑Ni/N ) � [2(N – 1)/L] (12)

where the sum is over N individuals within a transect.
The significance of Ag was determined by a simple
simulation procedure, whereby Ag was calculated
for each of 100 random distributions of N individuals
along a simulated transect of length L. The measured
distribution was significantly uniform or aggregated if
the observed value of Ag was below the lower 0.05
quantile or above the upper 0.05 quantile of the distri-
bution of Ag, respectively.

RESULTS

Hydrography

The CTD sensors on ROV ‘Jason’ indicated a strati-
fied water column with an upper mixed layer above
10 m; 4 broad regions of strong temperature transition
were evident: 10 to 13, 22 to 30, 35 to 38, and 45 to 48 m
(Fig. 4). Salinity increased from 32.5 near surface to
32.85 at 50 m. Within these broad regions of transition,
the local density profile contained 5 prominent shoul-
ders at depths of 12.4, 25.3, 29.5, 37.3 and 46.9 m. With
the exception of the shoulder at 46.9 m, density discon-
tinuities were mainly a result of a decrease in temper-
ature, since salinity changed relatively slowly with
depth. The N 2 profile reflected density discontinuities
and exceeded moderate (1.25 × 10–4 s–2) to high (2.50 ×
10–4 s–2) values at the same 5 depths. The ADCP
allowed calculations of shear below a depth of 15 m.
With the exception of the peak at 48 m, shear maxima
with peak values >0.045 s–1 were coincident with low
N 2, while shear minima <0.03 s–1 tended to occur
where N 2 was greatest. Ri numbers less than 1 were
typically associated with high shear. Regions of high
water column stability, Ri >1, were between 22 to 30 m
and 35 to 39 m. Although Ri numbers could not be cal-
culated without estimates of shear above 15 m, very
high N 2 values at 12 m indicate a region of strong den-
sity stratification, and perhaps low mixing rates.

A strong fluorescence maximum occurred between
30 and 40 m with a peak at 32 m. Although the peak
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was centered on a region of high shear, low N 2, and
Ri <1, a strong fluorescence signal extended deep into
the region of high stability.

Plankton and particle distributions

The vertical distribution and abundance of plankton
and particles as a function of depth were highly vari-
able, with multiple peaks and troughs (Fig. 5). Most
groups were found in layers ranging from 5 cm to 10 m
in thickness, while others such as Chaetoceros socialis
formed broad distributions 20 to 30 m thick and
exceeded a concentration of 250 colonies l–1.

We identified 2 to 6 peaks for each particle type, and
compared these with the corresponding values for N 2

and Ri (Fig. 6). The location of each peak in particle
abundance was then associated with its nearest local
N 2 maxima or minima (Table 1). Marine snow formed
maximum abundances at 6 locations in the water col-
umn, reaching a maximum concentration of 3.8 parti-
cles l–1 at a depth of 42.3 m (Fig. 5). Although peak
abundances occurred in close association with maxi-
mum values of N 2 at 3 depths (11.9, 24.8, 47.4 m),
peaks also occurred at depths where the density gradi-
ent was least (20.2, 34.7, 42.3 m); 2 of these peaks were

located where Ri was below 1.25 (20.2 and 42.3 m),
while the peak located at 34.7 m was associated with a
Ri number of 3.00 (Table 1). The physical conditions at
a depth of 34 m indicated a series of density folds,
resulting in the formation of layers on the order of 10 to
50 cm in thickness. Marine snow along with all other
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Fig. 4. Hydrographic and physical characteristics of water
column during ROV ‘Jason’ deployment: temperature (–––),
salinity (.....), sigma-t (–––), Brunt-Vaisala frequency N 2 (.....);
vertical shear (–––); Richardson number Ri (.....); Ri = 1 (·– ·); 

and fluorescence (–––)

Table 1. Peak locations of plankton and particles relative
to hydrographic condition. N 2: Brunt-Vaisala frequency; 

Ri: Richardson numbers

Depth at peak Corre- Ri Peak location
location sponding relative to local
(m) N 2 (×10–3) N 2 maxima (m)

Marine snow
11.9 1.75 – –0.1
20.2 0.14 1.02 +0.2
24.8 0.85 32.00 –0.2
34.7 0.36 3.00 –0.3
42.3 0.03 0.23 +0.3
47.4 0.29 1.43 +0.4

Chaetoceros socialis
11.7 1.58 – –0.3
34.5 0.37 2.86 –0.5
39.1 0.10 1.27 –2.9
47.9 0.18 0.93 +0.9

Chaetoceros debilis
42.4 0.10 0.25 +0.4
43.5 0.03 0.58 +1.4
48.4 0.06 0.33 –2.6

Rod diatoms
13.8 0.58 – –0.2
34.1 0.39 2.57 +0.1
42.8 0.05 0.31 +0.8
49.7 0.03 0.24 –1.3

Ceratium sp.
11.5 1.40 — –0.5
34.1 0.39 2.57 +0.1
38.7 0.15 0.31 +1.7
40.9 0.03 2.06 –1.1

Unidentified copepods
7.4 0.36 – +0.5
16.1 0.18 0.57 +0.1
34.0 0.40 2.50 0
38.7 0.15 2.07 +1.7
48.8 0.06 0.33 +2.0

Copepod nauplii
12.4 1.50 – +0.4
19.8 0.12 0.69 –0.2
33.6 0.34 2.01 –0.3
42.8 0.05 0.31 +0.8
47.4 0.29 1.43 +0.4

Pseudocalanus sp.
42.8 0.05 0.31 +0.8
49.3 0.03 0.22 +0.7

Calanus sp.
7.0 0.29 – +0.2
16.4 0.23 0.75 +0.4
21.6 0.52 6.82 +1.6
33.8 0.37 2.26 –0.2
38.1 0.24 3.45 +1.1
44.6 0.17 0.89 +2.6
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particles and plankton, with the exception of Pseudo-
calanus sp., exhibited local maxima within these folds.
Multiple peaks in snow abundance at 42.3 and 47.4 m
were associated with a region of unstable water (Ri =
0.23) overlying a relatively strong density gradient
(N 2 = 2.9 × 10–4 s–2, Table 1). This layering affect of
abundance peaks associated with unstable water over-
lying stable water also occurred at 20.2 and 24.8 m.
The peak located at 11.9 m was centered on a high
value of N 2, but appeared not to be associated with
overlying unstable water.

The colonial diatom Chaetoceros socialis had a dis-
tribution similar to that of marine snow (Figs. 5 & 6),
with extreme concentrations exceeding 250 colonies
l–1. Peak abundances were located in direct association
with high N 2 values at depths of 11.7, 34.5, and 47.9 m.
However, the abundance peak at 39.1 m, which over-
laid another peak at 47.9 m, corresponded to relatively
low N 2 and Ri values.

Another diatom, Chaetoceros debilis, reached a
maximum concentration of 4.5 chains l–1 at a depth of
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Fig. 5. Vertical distribution of
plankton and particles during
ROV deployment (–––), showing
concentration and depth profile 

of N 2 (........)

Fig. 6. Vertical distribution of peak abundances of plankton and
particle. Taxa or particle type shown in color (see key). Peaks
were identified where local maxima of dp/dz exceeded 50% of
the maximum gradient for that plankton or particle type. Full
specific names are given in Table 1. UID: unidentified copepods

Calanus sp.
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48.4 m. Rod-shaped diatoms were distributed in a
pattern similar to marine snow, reaching a concentra-
tion of 6.5 chains l–1. Ceratium sp. was distributed
between 30 and 40 m, with a sharp peak at 34.1 m.

Calanus sp. and unidentified copepods were grouped
similarly in regions where N 2 values were increasing
rapidly rather than where the density gradient was at a
maximum or minimum. Nevertheless, dense accumu-
lations of copepods generally occurred at N 2 values
above 1.25 × 10–4 s–2. Since N 2 typically increased
from minima to maxima over a depth of 4 to 5 m, peak
abundances of most copepods were observed about
2 m above maximum values of N 2. An exception to this
was observed at a depth of 38.1 m, where Calanus sp.
aggregated at densities exceeding 4 l–1 while the den-
sity gradient was decreasing rather than increasing.
Therefore, Calanus sp. aggregations formed both above
and below the depth where N 2 was maximum.

Copepod nauplii exhibited a distributional pattern
nearly identical to that of marine snow, with the excep-
tion of a peak at 24.8 m and an elevated near-surface
abundance.

Pseudocalanus sp. was located only in regions where
N 2 values were well below 1.25 × 10–4 s–2: above and
below the density gradient maxima at 47.0 m and near
the surface.

Separation of plankton and particles

To allow for automatic identification of paths pro-
duced by passive particles following flow and those of
motile organisms swimming through the field, a series
of paths were separated by hand while observing
particle motion on the video monitor. Background-
corrected plots of ZX coordinates over time indicated
that plankton-generated paths were more circuitous
than those of coincident particle paths, and the net
to gross displacement ratio (NGDR) was significantly
different between groups (Student’s t-test, p < 0.01,
Table 2). Although the mean speed of background-cor-
rected plankton paths was considerably lower than the
mean passive particle speed (as would be expected
under turbulent conditions) mean acceleration calcu-
lated along the length of a given path for plankton was
2 to 100 times greater than that of passive particles
(Fig. 7; Table 2). This suggests that acceleration rather
than speed was a more sensitive indicator of passive
versus active targets.

Coherence of acceleration between motile plankton
and passive particles tracked by hand was high at fre-
quencies below 3 Hz, falling to less than 0.2 at 10 Hz
(Fig. 8). Thus, acceleration along paths generated by
plankton and particles was similar at low frequencies
but diverged at frequencies greater than ~10 Hz; how-

ever, coherence between the motion of a passive par-
ticle and background flow was always above 0.5 up to
a frequency of 15 Hz. A threshold was set, therefore, at
0.2 and 10 Hz, distinguishing motile plankton from
the movement of passive particles. For example, if
coherence between the acceleration of a path and the
ensemble-averaged background particle acceleration
during the same time interval was greater than 0.2 at a
frequency of 10 Hz, the path was labeled as a passive
particle.

Following the separation of paths into active and
passive categories, plankton swimming speeds (Ue)
were compared with the 3-component turbulence
velocity q and energy dissipation ε. Fig. 9a illustrates
the comparison for plankton swimming speeds Ue and
q sampled at a depth of 36 m, just 1 m above a local
maximum in the density gradient. In this region of high
stability, q remained <1 mm s–1 for most of the 30 s
sampling intervals. Occasional spikes at apparently
random intervals of about 4 to 8 s increased back-
ground flow to >2 mm s–1. Plankton swimming speeds
over the same time interval were 3 to 10 times greater
than q. In contrast, at a depth of 50 m (Fig. 9b), where
water-column stability was low, values for q exceeded
3 mm s–1 on average and periodically exceeded 10 mm
s–1. Ue remained about 2.5 times lower than q through-
out the 43 s sampling interval.
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Table 2. Criteria for manually identifying and separating
particle tracks. Data are means (SD). NGDR: net to gross 

displacement of an organism along its motion path

Organism Speed Acceleration NGDR
(mm s–1) (mm s–2)

Copepods 6.3 78.7 0.47
16.1 514.1 0.05
40.5 524.2 0.84

5.3 100.6 0.26
15.2 370.1 0.83
18.9 228.1 0.28
15.7 289.6 0.54
30.5 508.5 0.98

Protozoans 4.7 15.4 0.37
9.7 41.8 0.92

12.0 27.2 0.96
10.3 129.0 0.83
10.8 73.4 0.89

5.3 56.2 0.98
4.9 48.5 0.78
5.3 60.9 0.25

11.4 174.3 0.96
9.2 54.1 0.62

All swimming
plankton 12.9 (9.4) 183.1 (180.0) 0.66 (0.31)

All passive
particles 92.8 (82.8) 72.0 (61.3) 0.87 (0.26)
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We call the ratio Ua/q the motility number (Mn),
which indicates the potential for plankton to swim
against uncorrelated turbulence velocities. Values >1
indicate, on average, that plankton swimming speeds
were greater than turbulence velocities. The time-
course of variation in Mn for the entire plankton com-
munity (Fig. 10) indicates the large variation associ-
ated with instantaneous changes in swimming speed
and q. For paths sampled at 36 m, 95% were produced
by plankton with on Mn >1 (Fig. 10a), while at 50 m
depth 92% were <1 (Fig. 10b).

Plankton swimming speeds averaged over the dura-
tion of each path, Ua, remained remarkably constant
with depth regardless of species composition, while q
varied by a factor of 20 (Table 3). Energy dissipation
rate (ε) was high near the surface and below 40 m
(order 10–6 to 10–7 W kg–1), but relatively low (order
10–8 W kg–1) where the density gradient was strong
and Ri was relatively high. Mn for all non-motile
particles including marine snow, Chaetoceros socialis,
C. debilis, and rod diatoms was between 0.1 and 1.5.

The Ag measured the tendency for distributions to
differ from random either in the direction of uniform
or aggregated. No distributions were found to be uni-
formly distributed, whereas some of the motile organ-
isms showed significantly aggregated distributions
(Table 3). Ceratium sp., nauplii and Calanus sp. all

showed aggregated distributions at intermediate
depths of 33 to 40 m. For Ceratium, Ag showed aggre-
gation when Mn exceeded about 3. Calanus sp.
showed aggregation at Mn greater than 3.3, while
nauplii required values of Mn greater than 13 for an
aggregation to exist. The Mn for nauplii was consider-
ably higher than for any other plankter because of the
near-continuous series of rapid jumps made by this
group.

When comparing turbulence intensity with plankton
swimming behavior, it is useful to consider the
Lagrangian velocity spectra. When the Reynolds num-
ber is sufficiently high, the Lagrangian velocity spec-
tra exhibit an inertial subrange as the Eulerian veloc-
ity spectrum. The slope for the inertial subrange of the
Eulerian spectrum is well known for being –5/3 in
terms of either wavenumber, k, or frequency, f, while
the Lagrangian velocity spectrum shows f –2 (Tennekes
& Lumley 1972). At a depth of 36 m, background tur-
bulence produced a velocity spectrum with a slope of
–2 up to the Nyquist frequency (30 Hz) (Fig. 11). This
was expected, since the corresponding Ozmidov scale
at this depth is about 0.08 m, so turbulent eddies
exceeding this length scale are not free from the effect
of buoyancy. The spectrum for plankton also had a
slope of about –2 extending to a frequency of about
19 Hz, but the magnitude was about 10 times that
for passive particles. Therefore, the energy spectrum
produced by plankton was greater than that generated
by turbulence. Conversely, at a depth of 50 m, energy
intensity and the slopes for turbulence and plankton
were –2 and magnitudes were not significantly differ-
ent (ANCOVA: p > 0.05).
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Fig. 8. Statistics for separation of plankton and particles
identified by hand. (a) Ensemble average of acceleration
of plankton (continuous line) and particles (dashed line);
(b) coherence between acceleration of plankton and particles

Fig. 7. Kinematic characteristics of motile and non-motile par-
ticles identified and separated by hand. Data for plankton (e)
are accelerations along individual paths. Data for particles (d)
are ensemble averages of acceleration for all particles dur-
ing same time window as a particular plankton. Ensemble
average (h) was calculated for entire assemblage during the
time window in which a particular plankter was in view.
Mean ±SD 1–3: copepod; 4–12: protozoan; 13–17: copepod; 

18: protozoan
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DISCUSSION

Fine-scale vertical distributions of actively swimming
plankton and passive particles followed distinctly dif-
ferent patterns. Peaks in marine snow and Chaetoceros
socialis colonies were just as likely to be found at den-
sity gradient maxima as at gradient minima. However,
peak abundances for Calanus sp. were centered on
inflection points in density where N 2 was about 2.5 ×
10–4 s–2. Potential mechanisms responsible for these

distributions include reduction in sinking velocities
with depth due to density stratification, interaction of
plankton and particles with turbulence, shear-induced
horizontal intrusion of different plankton communities,
interaction of internal waves with biological gradients
(Franks 1995), and behaviorally directed swimming. It
is important to keep in mind that the shear-induced
mixing discussed by Eckart (1948) and Osborn (1998) is
a mechanism for redistributing horizontal variability,
into vertical variability producing the kind of fine-scale

38

Fig. 9. Example of plankton speed
and particle rms speed at (a) 36 and
(b) 50 m. Data for plankton and parti-
cles were separated using criterion
for coherence of acceleration given 

in ‘Materials and methods’

Table 3. Motility characteristics of the plankton community and physical characteristics of the water column. Ua: average velocity;
q : turbulence velocity; ε: dissipation; Mna: ensemble average motility number; N 2: Brunt-Vaisala frequency; Ri: Richardson
number; Snow: marine snow; C.soc.: Chaetoceros socialis; C.deb.: C. debilis; Rod: rod diatoms; Cer: Ceratium sp.; Mn = motility
number; Ag = aggregation index; R: random; A: aggregated. Ua, q, and Mna are means of the entire plankton and particle 

assemblage. Mn and Ag are calculated for each taxon separately

Community Taxon
Depth Ua q MNa ε N 2 × 10–4 Ri Snow C.soc. C.deb. Rod Cer. Nauplii Calanus
(m) (mm s–1) (mm s–1) (W kg–1) (s–2) Mn Ag Mn Ag Mn Ag Mn Ag Mn Ag Mn Ag Mn Ag

20 1.8 5.50 0.3 5.7 × 10–7 1.1 0.7 0.1 R 0.02 R 0.02 R 0.01 R 0.36 R 4.0 R 1.0 R
20 1.4 4.10 0.3 3.3 × 10–7 1.1 0.7 0.1 R 0.02 R 0.02 R 0.01 R 0.49 R 5.4 R 1.4 R
33 1.0 0.39 2.6 9.3 × 10–8 2.7 1.3 1.0 R 0.26 R 0.26 R 0.10 R 5.10 A 56.9 A 14.6 A
34 1.6 0.33 4.8 9.3 × 10–8 4.0 2.5 1.2 R 0..30 R 0.30 R 0.12 R 6.06 A 67.3 A 17.2 A
36 3.3 0.55 6.0 6.1 × 10–8 5.6 7.3 0.7 R 0.18 R 0.18 R 0.07 R 3.64 A 40.4 A 10.4 A
36 1.4 0.30 4.7 1.1 × 10–7 5.6 7.3 1.3 R 0.33 R 0.33 R 0.13 R 6.68 A 74.0 A 19.0 A
36 1.7 0.40 4.3 7.0 × 10–8 5.6 7.3 1.0 R 0.25 R 0.25 R 0.10 R 5.00 A 55.5 A 14.3 A
36 1.5 0.38 3.9 8.5 × 10–8 5.6 7.3 1.1 R 0.26 R 0.26 R 0.11 R 5.26 A 58.4 A 15.0 A
38 1.3 0.32 4.1 5.7 × 10–8 2.5 3.7 1.3 R 0.31 R 0.31 R 0.13 R 6.25 A 69.3 A 17.8 A
40 1.5 0.30 5.0 1.2 × 10–7 5.0 0.5 1.3 R 0.33 R 0.33 R 0.13 R 6.66 A 74.0 A 19.0 A
50 1.0 1.70 0.6 4.2 × 10–6 0.4 0.3 0.2 R 0.06 R 0.06 R 0.02 R 1.18 R 13.1 R 3.3 R
50 1.4 2.20 0.6 1.2 × 10–6 0.4 0.3 0.2 R 0.05 R 0.05 R 0.02 R 0.90 R 10.1 R 2.5 R
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structure typically observed in vertical profiles of phys-
ical constituents. This redistribution of water could also
result directly in the redistribution of organisms and
chemicals into thin layers, if they are associated with
the physical gradients to begin with. Alternatively, thin
layers in biological and chemical fine-structure could
form after physical gradients are produced through
mixing. Either way, the primary mechanism of concen-
tration or retention of particulate or biological material
relative to average levels would not be shear, but
some intrinsic characteristic of the water mass such

as density or viscosity. However, shear may be
directly responsible for particle aggregation in
the turbulent strain field below the Kolmogorov
scale (Squires & Yamazaki 1995).

Seasonal changes in density stratification
lead to strong physical gradients which could
allow accumulation of sinking particles under
specific conditions (Lande & Wood 1987, Mac-
Intyre et al. 1995). MacIntyre et al. (1995) cal-
culated that in order for particulate material to
be accumulated at a moderately strong density
interface of N 2 > 4 × 10–4, sinking speeds must
be reduced by >20%. To achieve this change
in sinking speed, particles must be large
(>1 mm in diameter), have a high porosity
(>99%), and low interstitial equilibration time
(min to d). MacIntyre et al. (1995) argued that
large marine flocs fitting this description will
tend to slow as they encounter a steep density
gradient, since interstitial fluid is at a lower
density than surrounding fluid and some time
is required for its equilibrium. This is particu-
larly true for marine flocs with high mucus
content and when the flocs are sinking
through a halocline, since heat diffusion is
rapid compared with salt diffusion and both
are considerably slower through mucus. Col-
onies of Chaetoceros socialis are typically 1 to
2 mm in diameter, hollow, and roughly spheri-
cal in shape, and contain large amounts
of mucopolysaccarides (Sieracki et al. 1998).
Although their sinking velocity has not been
measured directly in the laboratory, our esti-
mates from the field are between 0.001 to
0.1 mm s–1 or 0.086 to 8.6 m d–1, which is con-
sistent with previous studies on large diatom
colonies (Eppley et al. 1967). MacIntyre et al.
(1995) showed that the sinking speed of a floc
as it falls through a density gradient is de-
pendent on the ratio √∆P where the floc was
formed, to √∆P at the new density. ∆P is the
excess density between the floc and the fluid
and is dependent on the solid volume fraction
and porosity. If we use 0.01 g cm–3 for excess

density and a porosity of 99.9%, which is consistent
with a floc with a diameter of 2 to 10 mm (Alldridge &
Gotschalk 1988), the percentage change in sinking
speed may be calculated using the equations pre-
sented in MacIntyre et al. (1995). We find that with a
modest change in density of only 0.02 g cm–3 over 1 m,
N 2 = 2 × 10–4 s–2, colony sinking-speed may virtually
drop to zero. This appears as a plausible explanation
for the intense accumulations of C. socialis immedi-
ately above the pycnocline associated with a ‘cold
pool’ (Houghton et al. 1982) of shelf water. Such accu-
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Fig. 10. Time series of motility number, Mn (ratio plankton speed/
particle rms) at (a) 36 m and (b) 50 m. Data are given for each 1/30 s
interval when plankton were present. Horizontal line indicates Mn = 1

a

b
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mulations have been observed on the Southern Flank
of Georges Bank by Bigelow (1924) and Sieracki et al.
(1998), and in the Great South Channel by Gallager et
al. (1996b).

Both Chaetoceros socialis and marine snow concen-
trations were elevated between depths of 30 and 50 m,
and both groups had 3 distinct peaks within this 20 m
range. Marine snow had peak abundances at 34.7,
42.3, and 47.4 m with only the first and last peak being
associated with N 2 values greater than 1.25 × 10–4 s–2.
C. socialis had a distribution similar to this, with the
exception of the central peak being 3 m shallower and
closer to the N 2 maxima. This region appears to be a
prime example of shear-induced thin-layering as de-
scribed by Eckart (1948) and, more recently, by Osborn
(1998). By stretching a parcel of fluid horizontally, the
thickness of the parcel decreases and the vertical
gradient relative to background increases. Moreover,
multiple thin-layers meters in thickness can result as
horizontal patches are stretched to the extent that they
overlap vertically. When a profile is made by some
instrument from the surface, these overlapping parcels
are viewed as thin layers in a typical 2 dimensional plot
of concentration versus depth.

High shear above and below a region of relatively
high stability (e.g. 34 to 38 m) is consistent with
Eckart’s (1948) thesis. The highly stable region in the
center could be the source population for the immedi-
ately adjacent upper and lower peaks. This does not

preclude the possibility that C. socialis was actively
growing under these conditions and that marine snow
was actively forming. Although we do not know if
growth was occurring, on the same cruise, Sieracki et
al. (1998) observed that C. socialis colonies at 30 m
were located above the 1% light level, while the indi-
vidual cells were intact and appeared healthy, sug-
gesting that growth was likely.

Another region of accumulation of both marine snow
and Chaetoceros socialis was at 12 m. Small changes in
salinity relative to large vertical gradients in tempera-
ture at 12 m suggest that the large Brunt-Vaisala fre-
quencies (N 2 = 15.4 × 10–4 s–2) observed at this depth
are due to thermal stratification rather than intrusion
of different water masses. Observed distributions of
Chaetoceros socialis and marine snow at 12 m are con-
sistent with the explanation of particle accumulation
at a density interface.

The distribution of Calanus sp. was similar to that of
marine snow and Chaetoceros socialis at depths of 33,
38 and 44 m, but dissimilar at 7, 16 and 21 m. In both
deep and shallow regions, peaks in Calanus sp. abun-
dance occurred as the density gradient was increasing
or decreasing, and was never centered on a N 2 maxi-
mum or minimum. In addition, Calanus sp. were
aggregated wherever the turbulent rms velocity was
below ~0.5 mm s–1 on either side of a density maxi-
mum. One explanation for this distribution lies in
Eckart’s (1948) description of layering. If Calanus sp.
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11. Lagrangian velocity spectra
for plankton and particles at
(a) 36 m and (b) 50 m. f: fre-
quency; +: plankton; d: particles

a b
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formed an abundance peak centered on a density gra-
dient maximum, vertical shear could redistribute the
single peak into 3 distinct peaks, 1 above, 1 below, and
1 remaining centered on the density maximum. How-
ever, this mechanism does not appear likely, since a
peak centered on a density maximum was not seen at
any depth. Alternatively, Calanus sp. may be sinking
through the water column and accumulating at a den-
sity interface. Shear immediately above that interface
could resuspend organisms causing locally elevated
concentrations. However, again, for this explanation
we would expect to see 2 maxima, one within the
density maximum and another immediately above it.

For Calanus sp. and nauplii categories, the most
likely explanation for the occurrence of concentration
maxima immediately above and below density max-
ima is swimming behavior. These local concentrations
only occurred where Calanus sp. swimming speed was
at least 10 times higher than rms turbulence velocity.
Since significant aggregation occurred only in this
same region, Calanus sp. must be capable of swim-
ming independently of local turbulent flow. Nauplii
were also aggregated where Mn was considerably
greater than 1.

Even for the weakly swimming dinoflagellate Cer-
atium sp., populations were significantly aggregated
where Mn was ~3 or greater. Formation of layers and
streaks of dinoflagellates are well documented in the
literature (e.g. Anderson 1997), and appear to occur
under highly stratified conditions when mixing in the
surface waters is minimal. Swimming speeds noted for
dinoflagellates by Levandowsky & Kaneta (1987) and
Fraga et al. (1988) suggest that averages of 2 to 3 mm
s–1 are reasonable for single cells. This would require
values of q to be <0.6 mm s–1 to allow cells to aggre-
gate relative to turbulent flow, assuming a critical
threshold of 3 for Mn. Energy dissipation rates in the
seasonal thermocline range between 10–10 and 10–6 W
kg–1, with corresponding rms turbulence velocities
ranging between 0.01 and 4 mm s–1 (Yamazaki &
Squires 1996). A value for q of 0.6 represents a corre-
sponding dissipation rate of about 10–8 to 10–7 W kg–1,
a rate that is common in the pycnocline and during
windless days at the surface.

The theory of homogenous, isotropic turbulence pre-
dicts that energy dissipation within the inertial sub-
range of the Eulerian spectrum (stationary frame of
reference) decrease with increasing wavenumber,
k –5/3, or frequency, f –5/3 while in the Lagraigian spec-
trum (moving frame of reference), k –2 and f –2 (Ten-
nekes & Lumley 1972). In this study, use of the
Lagraigian spectrum is appropriate since the frame of
reference moved with displacement of each particle
tracked by the imaging system. There are always 2
components to the motion of plankton: physical motion

generated by local-scale turbulence and swimming
motion due to behavior. When the variance spectrum
for plankton motion exceeds the variance spectrum for
turbulence at a corresponding wave-number, we con-
clude that plankton are moving independently of tur-
bulence velocity structure. Such is the case for the
plankton community shown in Fig. 11 at a depth of
36 m. In this region, N 2 was high and shear was low,
leading to an Ri number of 5.6 (Table 3). Measured
dissipation rates were on the order of 10–8 to 10–7 W
kg–1, rates typical of a highly stable, strongly stratified
pycnocline. The energy spectrum for the motion of
plankton and of small particles was close to f –2, while
the magnitude for plankton was nearly 10 times higher
than for particles. At a depth of 50 m, however, the
magnitude and energy dissipation rate for both plank-
ton and particles were comparable, suggesting that
plankton were not capable of swimming independently
of local flow.

Copepod swimming speeds vary considerably with
behavior. During cruising, speeds tend to range from
the relatively slow Acartia tonsa of 2.5 mm s–1 (Buskey
et al. 1986) and Pseudocalanus minutus of 4 mm s–1

(Buskey et al. 1987) to the very fast Calanus finmarchi-
cus of 15 mm s–1 (Hardy & Bainbridge 1954). Jump and
escape sequences are associated with speeds 10 times
faster, but are generally not sustained for more than
1 s. Because of artificial boundary conditions and fluid
flow, the frequency of jumps and escapes observed in
the laboratory may be far greater than is usual in situ.
Nevertheless, if only cruising speed is compared with
rms turbulence velocity, only under the most energetic
conditions near the surface during periods of moderate
to high wind, or near the benthic bottom layer, would
copepods not be capable of swimming against local
turbulent flow. The term ‘local’ is crucial to our inter-
pretation of plankton being passively moved about as
a function of water motion since this is a dynamic,
anisotropic and scale-dependent process.

Emerging evidence indicates that copepods use a
variety of sensory modalities such as mechanical (van
Duren et al. 1998, Yen et al. 1998), chemical (Strickler
1998, Weissburg et al. 1998) and light gradients
(Ambler et al. 1991) to improve conspecific contact
rates (Tsuda & Miller 1998) and for locating prey
(Tiselius et al. 1993). Plankton can become concen-
trated at a variety of interfaces such as at a pycnocline
(Mackas et al. 1985), benthic boundary layer, or air-
water interface (Gallager et al. 1996), and may become
locally enhanced in regions where flow is unidirec-
tional for some period of time, such as in convergent
fronts (Alldredge et al. 1984, Beardsley et al. 1996),
Langmuir cells (Pollard 1997), and internal waves and
bores (Pineda 1991, Shanks et al. 2000). While the
motivation for such behavior is still under investiga-
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tion, it is clear that physical characteristics of the water
column routinely allow biologically-mediated motion
to dominate at one scale or another.

Our calculation of Mn suggests that a minimum value
of about 3 is necessary for organisms to move indepen-
dently of local flow. The reason why this values is not 1,
relates to the issue of sampling scale. At the level of the
individual, swimming plankton will be independent of
flow only if (on average) their swimming speed is greater
than rms turbulence velocity. Although our averaging
periods (i.e. tens of seconds) are reasonable for eddies on
the scale of millimeters to centimeters, with time con-
stants of seconds, they are relatively short compared
with eddies on the scale of meters and tens of meters,
which operate on time scales of minutes. The result is an
overestimate of the swimming speed required to become
independent of flow. Longer observational times of ag-
gregations or groups of plankton is strictly a technical
problem which requires further research.

Our analysis of the contribution of physical processes
and biological behavior to the formation of plankton
layers illustrates the need to measure both characteris-
tics simultaneously and at the same scale. While verti-
cal shear may not be directly responsible for the con-
centration of plankton and particles against average
background levels, shear can redistribute horizontal
patchiness into vertical layers. The primary mecha-
nisms for concentration, then, are gradients in hydro-
graphic characteristics of the water such as density and
viscosity, and biological concentration due to swim-
ming behavior, which is in a dynamic balance with
turbulence. Passive particles decrease sinking speed at
sharp density gradients, but can then be redistributed
vertically through mixing at gradient interfaces. Plank-
ton attempting to swim against local velocity structure
may rest passively in turbulent conditions until the
water column becomes quiescent, or take advantage of
transient turbulent-flow structures to augment swim-
ming. However, the fact that the velocity spectra for
swimming plankton and passive particles were indis-
tinguishable under turbulent conditions (50 m depth),
suggests that plankton become less active when turbu-
lence is elevated. Theoretical (Rothschild & Osborn
1988, Hill et al. 1992) and laboratory (Costello et al.
1990, Saiz 1994) studies on the interaction between
copepods and turbulence support the idea that turbu-
lence may passively increase contact rates between
predator and prey, thereby allowing the predator
to conserve energy. Further in situ observations are
required to characterize the local environment of
plankton for comparison with laboratory studies.

Layering of phytoplankton and zooplankton in the
ocean as a function of density discontinuities and
behavior will impact primary and secondary produc-
tion in as yet unknown ways (Cowles et al. 1998).

Therefore, it is crucial that the micro- and fine-scale
vertical distributions of plankton be measured at the
same scales as the prevailing hydrography, and that
mechanisms governing the layering process be under-
stood. Direct observation and in situ experimentation
will allow elucidation of these mechanisms which are
undoubtedly organism- and environment-specific.
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