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ABSTRACT: Phytoplankton patchiness associated with high-frequency internal waves was investigated by analyzing chlorophyll fluorescence along isotherms. In summer, patches of fluorescence
were found over wave troughs through the upper part of the water column and occasionally under
wave crests deeper down. A similar pattern was observed in spring; day-to-day variability in the vertical structure of fluorescence patchiness was however greater in spring than in summer. Maximum
fluorescence within patches was typically less than 130% of the background fluorescence, ranging
from 104 to 168% in spring and 102 to 153% in summer. The largest values were generally found
along isotherms nearest the surface. The patterns of fluorescence and wave form, with additional
data on beam attenuation coefficient, were used to test hypotheses of patch formation mechanisms,
including non-photochemical quenching, swimming-gradient induced patchiness, and concentration-gradient induced patchiness. While non-photochemical quenching apparently created patches
of fluorescence, the magnitude and pattern of the patches could not be completely accounted for by
this dynamic. Much of the patchiness was consistent with increases in biomass driven by swimming
of phytoplankton in the divergent wave circulation. The contribution of any mechanism to patch formation depends on the phytoplankton community structure: blooms dominated by dinoflagellates
will show patches created by swimming and changes in fluorescence yield, while the non-swimming
phytoplankton community will tend to show patches of enhanced fluorescence yield.
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INTRODUCTION
Phytoplankton are usually patchy in coastal environments over a wide range of scales; these patches are
generated by both behavioral and physiological mechanisms (e.g. Kamykowski 1973, Mackas 1984). Among
the most dramatic examples of phytoplankton patchiness, episodic blooms of photoautotrophic dinoflagellates can form near-surface bands, much longer along
one axis than the other (e.g. Ryther 1955, Franks 1997).
Such spatial heterogeneity, during both bloom and
non-bloom conditions, has been attributed to changes
in phytoplankton concentration that result from the
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interaction of swimming (or buoyancy-derived motion)
and the convergent and divergent flows associated
with internal waves and fronts (e.g. Ryther 1955,
Kamykowski 1974, Franks 1997, Lennert-Cody &
Franks 1999). Although recently published data suggest that plankton patchiness associated with internal
waves may extend through the water column (Haury
et al. 1983, Rogachev et al. 1996, Kushnir et al. 1997,
Pineda 1999), observations of slicks at the sea surface
dominate our knowledge of the effects of internal
waves on patchiness of the plankton, especially in the
case of internal wave-induced accumulation of phytoplankton.
When the water column is well stratified, internal
waves are commonly observed in coastal waters
(Baines 1986). Over a wide range of spatial and tempo-
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ral scales, strong correlations between temperature
and subsurface chlorophyll fluorescence have been
observed for data analyzed in a fixed-depth reference
frame (e.g. Denman 1976, Cullen et al. 1983). However, this patchiness of fluorescence generally has
been attributed to vertical advection of vertical gradients in fluorescence by internal waves rather than
localized changes in cell concentration. Here we
describe the vertical structure of chlorophyll a (chl a)
fluorescence patchiness associated with highfrequency (≥ 2 cycles h–1 ) internal waves from data collected during spring and summer at a southern California coastal site. To quantify the intensity of this patchiness, and to remove the effect of vertical advection of
vertical gradients, the fluorescence was analyzed
along isotherms. We use these data to test hypotheses
of several patch formation mechanisms including nonphotochemical quenching and swimming. Comparisons of fluorescence and beam attenuation coefficient
allow conservative estimates of changes in biomass (vs
changes in fluorescence yield), while patterns of patches
and wave form allow testing of various swimming models.

MATERIALS AND METHODS
Data types and collection. Field work was conducted
at 2 coastal stations off Mission Beach, California, during the spring and summer of 1997 and 1 day (14
August) in the summer of 1996. One station was in 16
m of water (~1 km from shore, 32° 46.225’ N,
117° 15.984’ W, ‘16 m Stn‘) and the other in 30 m of
water
(~2.5
km
from
shore,
32° 46.154 N,
117° 16.925’ W; ‘30 m Stn‘). In March 1997 sampling
was carried out in 27 m of water (32° 46.164’ N,
117° 16.778’ W), approximately 250 m inshore of the
30 m Stn. Because of the proximity of this site to the 30
m Stn, the two will be referred to collectively as the 30
m Stn. Data were available for analysis from a total of
17 d: 7 d in spring at the 30 m Stn between 10 March
and 1 May, 5 d in summer at the 16 m Stn between 16
July and 5 September, and 5 in summer at the 30 m Stn
between the 12 August and 19 October (for details see
Lennert-Cody 1999). Sampling between April 13 and
May 1 occurred during spring blooms of dinoflagellates; water samples collected within the upper 5 m
showed a dominance among phytoplankton > 20 µm in
size of Lingulodinium polyedrum, with lesser concentrations of Prorocentrum spp. and Ceratium spp.
(Lennert-Cody 1999). All sampling was carried out
from a small skiff (5 m Boston Whaler), starting in the
morning, typically around 09:00 h, and lasting from 2
to 7 h, depending on wind and swell conditions. In
general the weather was calm and overcast in the

morning, often clearing to partially cloudy or sunny by
early afternoon.
Temperature, conductivity, pressure, chlorophyll fluorescence and beam attenuation coefficient (‘beam c’)
were measured by profiling with a small instrument
package (CTD). The CTD contained a Sea Bird SBE
19-03, a WETStar miniature fluorometer and a Sea
Tech transmissometer (660 nm light source). The CTD
was equipped with a small pump so that measurements of conductivity and fluorescence were based on
pumped flow. The sampling rate for all instruments
was 1 sample per 0.5 s, resulting in approximately 0.5
m vertical sampling resolution. Factory calibrations
were used for all instruments; factory calibration of the
fluorometer was performed with known concentrations of coproporphyrin tetramethyl ester. Chlorophyll
fluorescence was offset from pressure by 6 s to account
for the tubing in the CTD set-up. The between-cast
time interval was approximately 40 s (16 m Stn) and
1 min (30 m Stn), respectively. Profiling with the CTD
was done by allowing the instrument package to freefall to within several m of the bottom, at an average
descent rate of 1 m s–1, and then raising it to the surface
using a small gasoline-powered gypsy winch. Additional information on site characteristics, as well as
detailed discussion of beam attenuation coefficient
data, can be found in Lennert-Cody (1999). Detailed
descriptions of the physical (e.g. LaFond 1965, Winant
& Olson 1976, Lerczak 2000) and biological (e.g. Allen
1941, Kamykowski 1973, Goodman et al. 1984) environments at this study site are also available elsewhere.
Data analysis. Data processing: High-frequency internal waves were identified from measurements of
temperature at depth. Based on results of previous
studies in this area (LaFond 1962, Winant & Olson
1976), ‘high-frequency’ internal waves were defined
as waves with periods ≤ 30 min. Because density has
been found by others to be largely dependent on temperature in this general area (Winant & Bratkovich
1981, J. Lerczak pers. comm.) and because high-frequency variability in our measurements of density was
not always considered to be physically meaningful due
to an apparent response-time mismatch between temperature and conductivity sensors, temperature was
used as a proxy for density. Depth was defined as distance below the surface (i.e. negative downwards). In
this coordinate system, a deepening of the isotherms
corresponds to a larger negative value for isotherm
depth. High-frequency variation in the depth of the
isotherms was taken as an indicator of the presence of
high-frequency internal waves.
Patchiness of chlorophyll fluorescence was analyzed
along isotherms. Chlorophyll fluorescence, reported as
chlorophyll concentration in µg l–1, was used as a proxy
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for the concentration of phytoplankton (but see ‘Discussion’). Although sometimes problematic, chlorophyll fluorescence has been shown to be positively correlated with the concentration of chlorophyll (e.g.
Falkowski & Kiefer 1985, Cullen et al. 1997).
To avoid misinterpretation of vertical advection of
vertical gradients in fluorescence as localized changes
in fluorescence concentration, we analyze fluorescence along isotherms instead of in a fixed-depth reference frame. For each downcast, estimates of alongisotherm fluorescence and isotherm depth were
computed as the medians of fluorescence and depth
values within given temperature ranges (upcast data
were excluded). On each sampling day, only temperature ranges for which data were available over the
entire sampling period were used. Isotherms were
defined as temperature ranges of 0.25 to 1°C, depending on the vertical resolution of temperature. Because
the time interval between casts varied slightly, alongisotherm fluorescence and isotherm depth data were
interpolated to a regular sampling interval (16 m Stn:
40 s, 30 m Stn: 1 min) before further processing.
Vertical structure of the relationship between fluorescence patchiness and waves: To characterize highfrequency motions of the isotherms, the vertical structure of high-frequency variations in isotherm depth
was described using principal components analysis
(Seber 1984) performed on time series of residual
isotherm depths. These residuals were computed for
each isotherm as the difference in the observed
isotherm depth and an estimate of ‘background’ isotherm depth, obtained by applying a Fourier-domain
filter (Press et al. 1989) to the observed isotherm depth
to remove variability at periods ≤ 30 min.
Covariation in along-isotherm fluorescence and
isotherm depth was summarized using standard spectral techniques (Brockwell & Davis 1987). The interpolated data were first detrended, then tapered with a
split cosine bell taper prior to computing the discrete
Fourier transform. The periodograms, cospectra and
quadrature spectra were each smoothed with a 5-point
moving average. Approximate 95% confidence intervals for the spectra were computed from the equivalent
degrees of freedom and quantiles of the chi-square
distribution.
To determine if there was a phytoplankton response
to high-frequency internal wave forcing, we looked for
relationships that were consistent across isotherms and
across sampling dates. Following model predictions
(Franks 1997, Lamb 1997, Lennert-Cody & Franks
1999) and observations (Ryther 1955, Zeldis & Jillett
1982, Shanks 1983, Franks 1997, Pineda 1999) indicating high plankton concentrations over wave troughs,
we focused on the phase (ϕ) of the relationship
between along-isotherm fluorescence and isotherm
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depth. Estimates of ϕ for each isotherm were summarized by the median phase, ~
ϕ, computed over frequencies {ωi}i=1,...,n corresponding to periods of 5 to 30 min
for which the squared coherency was significantly
greater than zero (1-tailed test, 5% level; values
≥ 0.53). A 5 min cut-off was selected as this was larger
than the estimated buoyancy frequency (shortest possible wave period) (LaFond 1965, Lennert-Cody 1999).
The median absolute deviation from the median
(m.a.d.; Rice 1988) was computed for each isotherm as
a measure of the variability of ^
ϕ(ωi) about ~
ϕ. In computing the m.a.d. as a measure of variability, it was
assumed that the variance of a given ^
ϕ(ωi) was small
compared to the variability in ^
ϕ(ωi) over {ωi}i=1,...,n.
The vertical structure of the absolute value of the
phase relationship ~
ϕ was summarized using generalized additive model techniques (Hastie & Tibshirani
1991). The model fitted was
ϕ = overall constant + day effect + smooth(depth) + error
~
where smooth(depth) refers to a nonlinear depth contribution fitted using a locally-weighted running line
(Cleveland 1979; smoothing parameter of 0.75). error
refers to an overall Gaussian error distribution, combined with additional individual weights intended to
ϕ that were based
give more influence to values of ~
on more frequencies and/or had smaller m.a.d. These
additional weights were computed as the proportion of
frequencies used to compute ~
ϕ, divided by the m.a.d.
Following the results of the phase analysis, we computed the proportional increase in fluorescence in
clearly defined fluorescence patches associated with
wave troughs to describe the magnitude of internal
wave-induced fluorescence patchiness. We used data
for dates where there was a clear indication of a relationship between fluorescence and high-frequency
internal waves in the upper water column (30 m Stn: 14
March, 15 to 19 April, 12 and 19 August, and 4 September; 16 m Stn: 16 July and 5 September) (see
‘Results’ below). The magnitude of changes of fluorescence was determined from time series of high-frequency along-isotherm fluorescence residuals for each
isotherm, obtained in an identical manner to that for
isotherm depth. In clearly identifiable waves (waves
with displacement amplitudes in excess of the 0.15
sample quantile of residual isotherm depth [~1 SD]),
we computed the proportional increase in fluorescence
patches as the maximum fluorescence residual within
the wave trough divided by the estimate of the background fluorescence. A fluorescence patch represents
an increase in fluorescence over the wave trough that
is in excess of both the manufacturer estimate of instrument error (0.01 µg l–1) and the 0.15 sample quantile of
fluorescence residuals (~1 SD). We will refer to this
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scaled increase in fluorescence as the ‘maximum relative fluorescence’. A maximum relative fluorescence
value of 1.0 indicates that the maximum within a patch

is twice the background fluorescence, while a value of
0.3 indicates that the maximum within a patch is 130%
the background fluorescence.

Fig. 1. Fluorescence (grayscale, µg l–1) and temperature (contours, °C) for 17 Apr (30 m Stn; top), 16 Jul (16 m Stn; middle) and
12 Aug (30 m Stn; bottom). Fluorescence and temperature data were interpolated to a regular grid of 0.5 m by 30 s (16 m Stn) or
1 min (30 m Stn) using linear interpolation for the purposes of constructing these images
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cal displacements of the isotherms tended to be in the
same direction through the sampled part of the water
column (Fig. 2), indicating that the high-frequency
internal waves were behaving largely as mode
1 waves. The eigenvector structure corresponding to
the first principal component of residual isotherm
depth consisted of all positive weights, often with a
maximum located in the upper part of the water column. The first principal component explained > 85% of
the variance in the data on all but 3 sampling days
(April 13, August 19 to 20). On April 13 to 19, and
August 12 to September 4 (30 m Stn), and July 16,
August 11 and September 5 (16 m Stn), sampled
isotherms spanned most of the upper 2/3 of the water
column.
Patches of fluorescence were found associated with
high-frequency internal waves over a range of wave
amplitudes. Overall, in spring fluorescence was typically greatest near the surface, whereas in summer it
was often greatest around the mid-water column or
closer to the bottom (Fig. 1). Along-isotherm patchiness of fluorescence associated with high-frequency
internal waves was observed in both spring and summer, often spanning several isotherms or extending
through the upper part of the water column (Fig. 3).
Estimated squared coherency between along-isotherm

Fig. 2. Amplitude of the eigenvector corresponding to the first
principal component of residual isotherm depth for several
dates in spring at the 30 m Stn (top), summer at the 16 m Stn
(middle) and summer at the 30 m Stn (bottom). Different line
types indicate different sampling dates

RESULTS
The high-frequency vertical motions of the isotherms
had a simple structure. High-frequency internal waves
with a range of displacement amplitudes were observed in the temperature data during both spring and
summer (Fig. 1). Particularly during spring, waves corresponding to large isotherm displacements (>10% of
the water depth) were observed. Principal components
analysis of residual isotherm depth showed that verti-

Fig. 3. Examples of along-isotherm fluorescence (solid line,
µg l–1) and isotherm depth (dashed line, in m on the righthand axes), for several isotherms and sampling dates: (a) 14.0
to 14.5°C, 17 Apr (30 m Stn), (b) 15.0 to 16.0°C, 16 Jul (16 m
Stn), and (c) 18.0 to 19.0°C, 12 Aug (30 m Stn).
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Fig. 4. Estimated squared coherency (K 2; solid
line) and phase (dashed line) for along-isotherm
fluorescence and isotherm depth for isotherms
shown in Fig. 3: (a) 14.0 to 14.5°C, 17 Apr, (b) 15.0
to 16.0°C, 16 Jul, and (c) 18.0 to 19.0°C, 12 Aug.
The horizontal black dashed line in each panel
shows the upper 95% confidence bound for a 1tailed test of Ho: K 2 = 0. Periods of 5 and 30 min are
shown with dashed vertical lines

phase, whereas in summer, the change in
phase with depth was largely consistent across
days (Table 1). In summer, greater day-to-day
variability in the depth-dependence of phase
was found at the 16 m Stn than at the 30 m Stn.
Maximum fluorescence within internal
wave-associated patches was typically <130%
of the background fluorescence, especially at
the 30 m Stn in summer. The maximum of fluorescence residuals within patches ranged
from 0.04 to 2.57 µg l–1 in spring (30 m Stn),
0.01 to 0.34 µg l–1 at the 16 m Stn in summer,
and 0.01 to 0.16 µg l–1 in summer at the 30 m
Stn (short-term fluorometer error = 0.01 µg l–1).
Maximum relative fluorescence ranged from
0.04 to 0.68 in spring (at 30 m), 0.04 to 0.53 in
summer at the 16 m Stn and 0.02 to 0.32 in
summer at the 30 m Stn. Median values, by
isotherm, were typically < 0.3 at the 30 m Stn
in spring, < 0.15 at the 16 m Stn in summer,
and < 0.10 at the 30 m Stn in summer. Maxifluorescence and isotherm depth at periods between 5
to 30 min was often as high as 0.8 for some isotherms
(Fig. 4). Estimates of phase at periods between 5 to
30 min that were near ±180° (Fig. 4) indicate the presence of patches of fluorescence over wave troughs
(Fig. 3). Patches of fluorescence under wave crests for
some isotherms led to estimates of phase near 0°.
This vertical structure of phase was more predictable
in summer than spring (Table 1, Fig. 5). Overall, alongisotherm fluorescence and isotherm depth tended to be
approximately ‘out-of-phase‘ (∼ϕ = 180°) in the upper
part of the water column on some days in spring and
most days in summer (Fig. 5). Occasionally this phase relationship changed through the water column and fluorescence and isotherm depth were approximately ‘inϕ = 0°) deeper down (Fig. 5). Strong support for
phase‘ (~
an out-of-phase relationship within part of the upper water column is shown on 14 March, 17 April, 16 July, 12
August and 5 September. Weaker support is suggested
on 15 April, 19 April, 11 August, 19 August and 4 September. A change in the phase relationship with depth is
suggested on 17 April, 19 April, 11 August, 12 August
and 19 August. Day-to-day variability in spring at the
30 m Stn dominated the relationship between depth and

Table 1. Change in deviance and rough p-values for terms in
the generalized additive model fit of absolute ∼
ϕ to a day effect
and a nonlinear depth term (‘smooth(depth)‘), by station/season. The change in deviance was computed as the difference
in residual deviances for the full model and a model without
the term(s) of interest. The degrees of freedom for smooth(depth) are approximate, determined from the amount of
smoothing. p-values (for null hypothesis of no effect) are provided only as a rough measure of importance and are based
on the assumption that the change in deviance approximately
follows a chi-square distribution
Change in deviance
(degrees of freedom)

p-value

30 m in spring
Day effect
smooth(depth)

38.9 (6)
3.8 (2.4)

< 0.001
0.200

16 m in summer
Day effect
smooth(depth)

12.8 (4)
8.1 (2.4)

0.012
0.026

30 m in summer
Day effect
smooth(depth)

0.25 (4)
14.7 (2.6)

0.992
0.002
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~
∼ versus the median depth of the isotherm for spring at the 30 m station (top row), summer at the 16 m
Fig. 5. Absolute value of ϕ
station (middle row) and summer at the 30 m station (bottom row). The lower temperature bound for each isotherm is shown next
~ that were based on ≥ 20% of the frequencies corresponding to periods of 5 to
to each circle. Filled circles indicate estimates of ϕ
30 min. Maximum depth of the ‘pycnocline‘ obtained by computing the maximum of a smoothed time series of the maximum rate
of change of temperature with depth (smoothing parameter of 0.5; Cleveland 1979, Lennert-Cody 1999) is indicated by the thick
horizontal black lines. Deepest depth of the maximum fluorescence (computed in an identical manner to the pycnocline) is indicated by thick dashed horizontal black lines. Sampling dates are shown at the bottom of each panel (format: mm/dd/yy). Data for
~ were based on
March 10 and October 9 (30 m station), and August 20 (16 m station), are not shown because all estimates of ϕ
fewer than 20% of the frequencies corresponding to periods of 5 to 30 min. Horizontal bars indicate ± m.a.d. (absent when fewer
than 2 estimates available). For phase estimates near 0°, the extent of the horizontal bars may be have truncated on the left to
show more detail over the interval 0° to 180°
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We hypothesize that this observed patchiness is due
to both behavioral and physiological processes. Because of the time scales involved (periods ≤ 30 min), we
consider processes such as grazing, growth and senescence to be unlikely mechanisms. Patch-forming processes potentially operating on short time scales include (1) changes in the ratio of fluorescence to chl a
(non-photochemical quenching), (2) swimming in internal waves, (3) transport by nonlinear internal
waves, and (4) localized internal wave-induced mixing. Mechanism 1 implies a purely physiological
response to rapid changes in illumination, whereas
mechanisms 2-4 imply that changes in along-isotherm
fluorescence are associated with changes in the con-

Fig. 6. Boxplots of maximum relative fluorescence within
patches over internal wave troughs, by isotherm, for 17 Apr
(top panel), 16 Jul (middle panel) and 12 Aug (bottom panel).
Isotherms are arranged from coldest (deepest; left) to
warmest (shallowest; right). White bars indicate the median,
shaded boxes indicate the middle 50% of the data, and
whiskers indicate the full range of the data

mum relative fluorescence tended to be greatest for
isotherms nearer to the surface, in both spring and summer at the 30 m Stn; however, at the 16 m Stn, it was
greatest nearer the bottom on July 16 and largely invariant across isotherms on September 5 (Fig. 6).

DISCUSSION
Data collected in a profiling sampling mode have been
used to summarize the relationship between alongisotherm patchiness of fluorescence and high-frequency
internal waves at a coastal site. In summer, patches of
fluorescence were often found over wave troughs in the
upper part of the water column and sometimes below
wave crests deeper down (Fig. 5). A similar pattern was
seen for some days in spring; however, day-to-day variability in the depth-dependence of the relationship between patches of fluorescence and internal waves was
much greater in spring than in summer (Table 1, Fig. 5).
Maximum fluorescence within patches was typically
<130% of the background fluorescence, ranging from
104 to 168% in spring and 102 to 153% in summer. The
largest increases were often found nearest the surface in
both spring and summer (Fig. 6).

Fig. 7. Illustrations of hypothetical relationships between
phytoplankton concentration and the wave form resulting
from: (A) non-photochemical quenching, (B) vertical gradients in swimming velocity acting on concentration, and (C)
vertical gradients in concentration moved by swimming. To
the left of each large panel is shown the background vertical
concentration profile [C(z)]. ‘H’ indicates high concentration,
‘L’ low concentration. The wave form is indicated by the sinusoidal line within each large panel. The phase relationship
between concentration and the wave form, ϕ, is also indicated
for (A) and (B) with respect to the pycnocline, but for (C) with
respect to the concentration maximum. Note that we have
defined depth as distance below the surface (i.e. negative
downwards). In this coordinate system, a deepening of the
pycnocline corresponds to a larger negative value of pycnocline depth. The swimming-induced patterns (B,C) are based
on the assumption that swimming is perfectly depth-keeping
(i.e. ws = –wwave, where ws is the vertical swimming velocity
and wwave is the vertical wave velocity). However, we note
that these swimming-induced patterns also apply with a
weakly depth-keeping swimming behavior (i.e. ws = –α wwave,
where –α < 1; see Lennert-Cody & Franks 1999 for B)
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centration of phytoplankton. We consider mechanisms
1 and 2 in detail, and briefly discuss mechanisms 3 and
4, below. The predicted patterns of fluorescence/biomass in high-frequency internal waves associated with
mechanisms 1 and 2 are shown in Fig. 7. Note that
there is at least 1 characteristic (e.g. patches under
crests, etc.) that allows distinction among these mechanisms.

Non-photochemical quenching
Prediction
When phytoplankton adapted to low light are suddenly exposed to high light, the fluorescence yield can
decrease rapidly via non-photochemical quenching
(e.g. Krause & Weis 1991), giving an apparent decrease
in biomass. In laboratory low-to-high light studies, nonphotochemical quenching resulted in an initial average
rate of change in fluorescence of 4% min–1 (SE = 0.8, n
= 13) (from graphs and tables in: Kiefer 1973, Sakshaug
et al. 1987, Cullen & Lewis 1988, Demers et al. 1991,
Olaizola et al. 1994, Moisan et al. 1998). A sudden
change from high light to low light is predicted to give
the opposite effect: an apparent increase in biomass
with a time scale of minutes. In the field, rapid changes
in fluorescence have been attributed to changes in illumination (e.g. Abbott et al. 1982, Stramska & Dickey
1992, Lizon et al. 1995). In high-frequency internal
waves, as the wave moves water downward, nonphotochemical quenching is predicted to cause an apparent increase in biomass, with patches of high fluorescence in the troughs of waves (H in Fig. 7A). Conversely, decreases in fluorescence would be expected
under the crests of waves (L in Fig. 7A). Thus, regardless of the underlying vertical distribution of phytoplankton, along isopycnals the wave form and fluorescence should be out of phase throughout the water
column (i.e. ∼ϕ = 180° at the surface and at depth).
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troughs in spring, consistent with measurements of
fluorescence (Fig. 8, Lennert-Cody 1999). Much of the
signal from the transmissometer is due to scattering
from very small particles and cells ≥ 2 µm (Stramski &
Kiefer 1991), rather than absorption (Cullen et al. 1997).
Large changes in the concentration of large phytoplankton cells may be necessary to obtain a strong
signal from the transmissometer, especially in coastal
waters, leading to discrepancies between the fluorometer and transmissometer signals. Beam c is thus a conservative measure of changes in cell concentration.
Selecting isotherms closest to the surface (high nonphotochemical quenching) during spring (high concentrations of large motile cells, April 15 to 19; LennertCody 1999) when there was a clear relationship
between fluorescence and wave form (Fig. 5), we find a
median increase of 7% for maximum relative beam c
(range: 3, 21%), compared to a median of 35% (range:
6, 61%) for maximum relative fluorescence. The median of the ratio of maximum relative beam c to maximum relative fluorescence by wave was 0.28 (range:
0.10 to 0.62). Thus, conservatively, in spring the concentration of phytoplankton increased by ~7% in wave
troughs, with ~28% of the increase in fluorescence in
wave troughs attributable to increased phytoplankton
concentration. The remaining increase in fluorescence
increase was presumably due to non-photochemical
quenching. In summer, non-photochemical quenching
might be expected to have the greatest effect, and the
greater predictability of the vertical phase structure in
summer (Table 1) may reflect the influence of non-photochemical quenching near the surface.

Test
To test the non-photochemical quenching hypothesis
we explored the phase relationship of fluorescence,
beam c, and isotherm depth. Differences between
changes in fluorescence (concentration + non-photochemical quenching) and beam c (concentration) will
help to quantify the contribution of non-photochemical
quenching to the overall signal we measured. While
our observations of high-frequency patterns in fluorescence and beam c were not correlated in any statistically meaningful way (Lennert-Cody 1999), large values of beam c were occasionally associated with wave

Fig. 8. Along-isotherm fluorescence (solid line in top panel,
µg l–1) and along-isotherm beam attenuation coefficient (solid
line in bottom panel, m–1) for 14 Mar, 15.25 to 15.50°C. Isotherm
depth is indicated by the dashed line (m, right-hand axes)
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The average rate of change of fluorescence observed
during spring in large waves was 13% min–1 (SE =
2.4) — significantly greater than the 4% min–1 computed for laboratory studies (p < 0.01, Mann-Whitney
2-tailed test), again suggesting that changes in phytoplankton concentration contributed to the observed
fluorescence changes. The average rate during summer, although larger, was not significantly different
from the laboratory studies (7% min–1, SE = 1.5; p =
0.15). It may be significant that laboratory studies of
non-photochemical quenching generally show the
increasing fluorescence response time to be somewhat
longer than the decreasing fluorescence response time
(Kiefer 1973, Sakshaug et al. 1987, Demers et al. 1991,
Moisan et al. 1998), whereas the changes in fluorescence measured in the field were typically symmetric
(same rate of increase and decrease during a wave;
Figs. 3 & 8).

Swimming
To explore the contribution of swimming to changes
in fluorescence, we follow Lennert-Cody & Franks
(1999), and assume the concentration of planktonic organisms to be a conservative quantity over the time
scales of interest (i.e. no growth or losses) and that the
organisms swim only vertically. Under these assumptions, the equation governing temporal and spatial
changes in concentration C(x,z,t) in an incompressible
fluid following an isotherm is
dC
∂w s
∂C
= −C
− ws
dt
∂z
∂z

(1)

where ws is the vertical swimming velocity of the
organisms and dC /dt is the local rate of change of concentration plus the advective rate of change of concentration (i.e. the material derivative). In this model,
swimming leads to changes in concentration in 2 ways:
(1) vertical gradients in swimming velocity acting on
concentration (first term on the right-hand-side of
Eq. (1), Lennert-Cody & Franks 1999), and (2) vertical
gradients in concentration being moved by swimming
(second term on the right-hand-side of Eq. 1). We consider these 2 components below.

Swimming: vertical gradients in swimming velocity
Prediction. If phytoplankton are weakly depth-keeping (e.g. have a phototactic response) they will interact
with the convergences and divergences of the internal
wave field to create patches (Franks 1997, LennertCody & Franks 1999). In a 2-layered ocean (mode 1
waves), patches would be expected over wave troughs

above the pycnocline, but under wave crests below the
pycnocline (Fig. 7B). This gives a phase relationship
between along-isopycnal biomass and isotherm depth
ϕ = 180° above the pycnocline (out-of-phase) and
of ~
ϕ = 0° (in-phase) below the pycnocline, regardless of
~
the underlying vertical phytoplankton distribution.
Note that the pattern of patches under wave crests
below the pycnocline is the opposite of the predicted
non-photochemical quenching pattern (Fig. 7A,B). To
a first approximation, the patch intensity is predicted to
be less than twice the background concentration
(Lennert-Cody & Franks 1999).
Test. Principle-components analysis of highfrequency isotherm residuals (Fig. 2) and analyses of
the high-frequency velocity structure at this site
(Winant & Olson 1976, Winant & Bratkovich 1981, Lerczak 2000) suggest that a 2-layered (mode 1) model for
the high-frequency internal waves is a reasonable
approximation. We found patches of fluorescence over
wave troughs in the upper part of the water column,
and occasionally below wave crests deeper down (Fig.
5). On several dates (April 17 to 19, August 11 to 12,
August 19), the depth of this transition occurred near a
rough estimate of the pycnocline depth, consistent
with model predictions for swimming gradient induced
patchiness. The maximum fluorescence within patches
was <168% of the background fluorescence, also consistent with changes in concentration driven by gradients in swimming speed.
To further assess model fit to these data, we can
obtain a rough estimate of swimming speeds necessary
to form patches with a weakly depth-keeping swimming behavior by using the predicted relationship
between wave amplitude and changes in fluorescence
(Lennert-Cody 1999, Lennert-Cody & Franks 1999). To
a first approximation, the maximum patch intensity is
predicted to increase with the wave amplitude at a rate
set by the ratio of the swimming speed to the water
velocities. Wave velocities were approximated by
dividing the wave amplitudes by half the duration of
the wave trough. In clearly identifiable waves we
obtain rough estimates of swimming speeds of 0.2 to
4.1 mm s–1 (Lennert-Cody 1999). Swimming speeds <1
mm s–1 have been reported for dinoflagellates in the
literature (e.g. Kamykowski et al. 1992, Kamykowski
1995). The larger swimming speeds estimated here are
probably unrealistic, supporting the contention that
only a portion of the fluorescence increase can be
accounted for by increases in biomass.

Swimming: vertical gradients of concentration
Prediction. If planktonic swimming opposes the vertical wave motion, subsurface concentration gradients
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will move relative to the wave (second term on the
right-hand-side of Eq. 1). If swimming is perfectly
depth-keeping, the underlying vertical concentration
profile will remain stationary in depth while the waves
move past it. In the presence of a subsurface concentration maximum, waters moved into the maximum
from above (wave trough) or below (wave crest) will
show along-isopycnal increases in concentration
(Fig. 7C). Thus, with a subsurface maximum, the relation between along-isopycnal concentration and wave
form is out-of-phase above the concentration maxiϕ = 180°), but in-phase
mum (patches in troughs; ~
ϕ = 0°). In contrast, with a
below it (patches in crests; ~
subsurface concentration minimum, the predicted low
ϕ =
concentrations in wave troughs and crests gives ~
ϕ = 180° below it. Note
0° above the minimum, and ~
that these predictions are relative to the concentration
extrema, not the pycnocline depth as with swimming
gradient-induced patchiness (Fig. 7B). If the pycnocline and subsurface maximum coincide, the vertical
phase structure will not distinguish swimming gradient-induced patchiness from concentration gradientinduced patchiness (Fig. 7). Also to note is that this
mechanism will only work with an underlying concentration gradient; the previous 2 mechanisms will generate along-isopycnal patchiness in fluorescence with
a vertically homogeneous concentration profile.
Test. Because of near co-location of the overall fluorescence maximum and the pycnocline on some dates
(Fig. 5), we tested the prediction using clearly identifiable wave troughs having intense patches of fluorescence through most of the upper part of the water column, during times with high concentrations of motile
phytoplankton (April 15 to 19; Fig. 5). Of the 16 waves
meeting these criteria, 8 occurred when there was a
subsurface fluorescence maximum. The observed increase in fluorescence was of the same order of magnitude as that predicted from a finite difference approximation to the second term of Eq. (1), after applying a
conservative correction for non-photochemical quenching (7%). The remaining 8 waves with patches
occurred when the vertical fluorescence profile
showed a minimum, or was flat, contradicting the concentration gradient-induced patch mechanism. Thirteen
of the 16 waves also had patches of beam c, 8 of which
formed during conditions when the vertical gradient in
beam c was negative over at least part of the water column (Fig. 9) or insignificant with depth, contradicting
the concentration gradient induced patchiness hypothesis. In the 5 other waves, observed increases in beam
c were 10 to 100 × greater than that predicted by the
concentration-gradient-induced patch mechanism.
Although results of the above analysis are consistent
with concentration gradient induced patchiness for
some waves, the occurrence of patches in wave
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troughs when minima were predicted suggests that the
concentration-gradient-induced patch mechanism was
not a dominant dynamic in patch formation during
these periods.

Fig. 9. Top panel: along-isotherm beam c (solid line in m–1)
and isotherm depth (dashed line in m, right-hand axis) for 17
Apr, 14.0 to 14.5°C (see Fig. 3 for along-isotherm fluorescence). Bottom panel: beam c versus depth for casts just
ahead of the 2 large waves between 11:50 h and 12:20 h in the
top panel. Prior to each wave, the 14.0 to 14.5°C starts between 5 and 6 m depth. For both waves patches in alongisotherm beam c were also present along isotherms closer to
the surface, especially for the second wave, where a patch
was evident for every isotherm 14.0 to 14.5°C and shallower.
Given the vertical profiles of beam c ahead of the waves, the
14.0 to 14.5°C isotherm is the one most likely to reflect an
increase due to concentration-gradient-induced patchiness
because of the slight increase in beam c with depth between
~5 m and 15 m; for shallower isotherms, beam c decreases
with depth to below 20 m. However, even for the 14.0 to
14.5°C isotherm, we find that the along-isotherm maximum
within the wave trough exceeds that ahead of the wave to a
depth of at least 20 m, making it unlikely that the observed
patchiness was due solely to the concentration-gradientinduced mechanism (first wave: 1.129 ahead of wave versus
1.144 in wave trough; for second wave: 1.124 ahead of wave
vs. 1.183 in wave trough)
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From the analyses above we infer that along-isotherm patches of fluorescence associated with highfrequency internal waves were likely formed by combinations of non-photochemical quenching, vertical
gradients in swimming speed, and vertical gradients in
concentration. The relative contribution of each mechanism (particularly swimming) presumably depended
a great deal on the organisms present. Phototaxis, geotaxis (e.g. Kamykowski et al. 1998) and swimming
responses to changes in environmental characteristics
(Kamykowski 1995) could lead to a weak depth-keeping response in dinoflagellates. Water samples collected in the upper 5 m during spring showed a dominance of dinoflagellates among the larger phytoplankton (Lennert-Cody 1999); quantitative analysis of
summer water samples was not possible. Thus, at least
during spring, some unknown fraction of the phytoplankton assemblage was likely motile. We have
assumed that the changes in fluorescence and beam c
represent an average population response. If motile
phytoplankton were responsible for the observed
change in fluorescence, but only accounted for a small
fraction of the total fluorescence (or beam c), then we
will underestimate the magnitude of the change in
their concentration in response to waves.
Patches of fluorescence within large-amplitude
high-frequency internal wave troughs might indicate
cross-shelf transport by nonlinear internal waves.
Rough estimates of the ratio of the eastward (~onshore)
currents to the wave’s phase speed were generally
~0.4 to 0.5 for the largest waves observed at the 30 m
Stn (Lennert-Cody 1999), suggesting that these largeamplitude waves may have been nonlinear, transporting water and plankton shoreward (Lamb 1997). Depending on the stratification, cross-shelf transport can
be highly surface-enhanced (Lamb 1997), a process
that might contribute to increased maximum relative
fluorescence near the surface. Internal waves and
internal tidal bores have been proposed as a mechanism for cross-shelf transport of planktonic organisms
and nutrients (e.g. Shanks 1983, Kingsford & Choat
1986, Leichter et al. 1996, Pineda 1991, 1999). However, preliminary analysis of fluorescence and beam c
data collected while profiling at a near-surface drifter
(Lennert-Cody 1999) show that similar patches form
over wave troughs even in a quasi-Lagrangian sampling mode. For cross-shelf transport to be the only
source of our observed pattern, there would have to be
another mechanism frequently concentrating cells, or
promoting increased biomass, offshore of the study
site. Such a mechanism might take place at the shelf
break in association with the internal tide (Kamykowski 1974, Sandstrom & Elliott 1984).
Vertical mixing of organisms has been observed in
breaking internal waves (Haury et al. 1983). We found

no obvious indication of widespread wave breaking
(i.e. obvious overturning) in our data. Rough estimates
of the local Richardson number indicated that mixing
in the upper part of the water column, if it were occurring, was most likely to have occurred in association
with the largest waves on April 17 (Lennert-Cody
1999). However, maximum fluorescence associated
with several of the largest waves on 17 April exceeded
that through the water column just ahead of the waves,
suggesting that patches of fluorescence within waves
were not likely to be the result of local mixing. These
observations do not exclude the possibility that wave
breaking might have occurred offshore of our sampling station with the mixed waters transported shoreward by reformed waves (Lamb 1999) producing the
observed fluorescence patchiness.
Our measurements show much less sub-surface
patchiness of fluorescence in internal waves than
would be inferred from surface observations. Observations of near-surface patchiness of phytoplankton
likely associated with internal waves (e.g. Franks 1997,
C. E. Lennert-Cody pers. obs.) show concentrations
that may be more than several times that of surrounding waters. However, we found patchiness to be at
most 168% of the background concentration. This suggests that the near-surface dynamics of patch formation may be different from subsurface dynamics.
Nonetheless, even at this magnitude, predictable subsurface phytoplankton patchiness in internal waves
might have a range of implications for planktonic
organisms. For species of dinoflagellate with the ability
to reproduce sexually, the success of their sexual reproductive phase could be enhanced within these
small-scale patches (Smayda 1997). This small-scale
patchiness may also confer benefits to fast-swimming
grazers, such as some copepods, with the ability to utilize ephemeral resources. Conversely, small-scale
patchiness may lead to avoidance of concentrated toxic
or noxious species (Carlsson et al. 1995).
In conclusion, we find that some characteristics
of the observed fluorescence patchiness in highfrequency internal waves are consistent with model
predictions of patchiness generated by swimming, particularly in spring, when blooms of dinoflagellates
were present. However, comparison of fluorescence to
beam c within waves suggests that changes in fluorescence yield are also occurring. Although we believe
that swimming contributes to sub-surface patchiness of
biomass in the presence of internal waves, this patchiness is less intense than that observed at the surface.
We hypothesize that the relative contribution of swimming and non-photochemical quenching to variability
in observed fluorescence depends on the phytoplankton community structure: blooms dominated by dinoflagellates will show swimming-related patches of
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enhanced biomass and fluorescence, as well as fluorescence yield, while the rest of the phytoplankton
community will tend to show patches of enhanced fluorescence yield. Based on rough estimates of wave
lengths of the larger-amplitude waves (Lennert-Cody
1999), we would expect these effects to be occurring
on scales of hundreds of meters in the cross-shore
direction, but possibly kilometers in the alongshore
direction. This patchiness of swimming planktonic
organisms in internal waves need not be limited to
coastal environments. Swimming plankters in internal
waves may form patches in the interior of the ocean
due to the strain associated with the separation of
isopycnals (cf. Rogachev et al. 1996, Kushnir et al.
1997). The presence of high-frequency internal waves
associated with internal surges in lakes (Hunkins &
Fliegel 1973, Saggio & Imberger 1998) suggests that
this predictable patchiness might also be found in
lakes.
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