MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 302: 93–101, 2005

Published November 4

Hydrodynamic and tidal controls of small-scale
phytoplankton patchiness
Laurent Seuront1, 2,*
1

2

Ecosystem Complexity Research Group, Station Marine de Wimereux, CNRS UMR 8013 ELICO,
Université des Sciences et Technologies de Lille, 28 avenue Foch, 62930 Wimereux, France

School of Biological Sciences, Flinders University, GPO Box 2100, Adelaide 5001, South Australia, Australia

ABSTRACT: A continuous time series of high-resolution in vivo fluorescence measurements in
coastal waters of the eastern English Channel over 4 tidal cycles investigated the potential influence
of different turbulence intensities and advective tidal processes on small-scale phytoplankton patchiness. Although small-scale phytoplankton patchiness decreased with increasing turbulence intensity,
phytoplankton distributions were never fully homogenised, and were more patchy during ebb than
flood tides at turbulence intensities ranging from 10– 7 to 10– 4 m2 s– 3. A combination of biologically
and physically driven patchiness is suggested to be the cause of the observed patterns.
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In the marine environment, patchy distributions of
phytoplankton have been documented at scales of
centimetres to hundreds of kilometres (Cassie 1963,
Fasham 1978, Mackas et al. 1985). The quantification of
the spatial and temporal structure of phytoplankton distributions has nevertheless mainly focused on empirical
observations at scales greater than 10 m to several kilometres (Platt 1972, Denman & Platt 1976, Fasham &
Pugh 1976, Weber et al. 1986, Denman & Abbott 1994,
Strutton et al. 1997, Martin 2003). Theoretical and empirical studies have shown, however, that the analysis
of large-scale (i.e. regional) patterns must integrate
processes occurring at small (local) scales (Levin 1992).
Despite the long standing assumption that turbulence homogenises phytoplankton distribution at scales
of <1 m, the existence of horizontal (e.g. Cassie 1963,
Seuront et al. 1996, 1999, Waters et al. 2003) and vertical (e.g. McAlice 1970, Mitchell & Fuhrman 1989,
Cowles et al. 1993, Waters & Mitchell 2002) patchiness
in phytoplankton distributions, measured at scales of
centimetres to tens of centimetres, has been widely
reported, suggesting that microscale phytoplankton
patchiness is a ubiquitous feature of the marine envi-

ronment. Recent quantification of the horizontal spatial
organisation of small-scale in vivo fluorescence distributions indicated that distributions were significantly
statistically non-random (Seuront et al. 1999, Waters
& Mitchell 2002, Waters et al. 2003).
While much has been written about the effects of turbulence on marine ecosystems (Marrasé et al. 1997),
no studies have specifically focused on the potential
effects of different turbulence intensities and advective tidal processes on small-scale phytoplankton
patchiness. Turbulence has recently been suggested as
a potential driver of phytoplankton patchiness for
scales ranging from tens of centimetres to tens of
metres (Seuront & Schmitt 2005). However, to my
knowledge the potential links between small-scale
phytoplankton patchiness and turbulence have never
been thoroughly investigated. Similarly, periodical
advections of water masses of different physical and
biological properties are ubiquitous in tidally driven
coastal ecosystems (e.g. Mann & Lazier 1996), and
can have salient effects on the structure and
function of estuarine, coastal and intertidal environments. Nevertheless, no attention has previously been
paid to the potential differential effects of these processes on small-scale phytoplankton patchiness.
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On the basis of high-frequency in vivo fluorescence
time series recorded in a highly dissipative tidally
mixed coastal ecosystem, the eastern English Channel,
under significantly different tidal and turbulence conditions, the aim of this study was to demonstrate
that the small-scale phytoplankton patchiness demonstrated in earlier studies (Seuront et al. 1996, 1999) is
controlled by turbulence intensity and tidal advective
processes. It is stressed that, because of the dissipative
nature of the investigated water column, this study
specifically relates to horizontal patchiness in an unstratified water column, and is therefore not relevant
for the vertical phytoplankton variability in a stratified
water column, which might result from buoyancy
effects, vertical gradients of nutrients and/or the exponential light profile. The results indicate that phytoplankton patchiness increases with decreasing turbulence intensity and is always higher during flood tide
for a given turbulence intensity, and are used to infer
the dominance of potential physical and biological
structuring mechanisms operating at small scales.

MATERIALS AND METHODS
Field site and sampling strategy. Sampling was
conducted from 2 to 4 April 1996 at an anchor station
(Fig. 1) in the coastal waters of the eastern English
Channel (50° 47’ 300’’ N, 1° 33’ 500’’ E) for 48 h (~4 tidal
cycles) during the spring tide. The tidal range (between 3 and 9 m) in this area is one of the largest in
the world, and tides are characterised by a residual
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circulation parallel to the coast, with nearshore coastal
waters drifting from the English Channel into the
North Sea. Coastal waters, also referred to as a ‘coastal
flow’ (Brylinski et al. 1991), are influenced by freshwater run-off from the Seine Estuary to the Straits of
Dover, and separated from offshore waters by a transient, tidally controlled frontal area (Brylinski & Lagadeuc 1990, Lagadeuc et al. 1997). The region is characterised by low salinity, turbidity (Dupont et al. 1991),
phytoplankton richness (Brylinski et al. 1984) and high
productivity (Brunet et al. 1992, 1993). More specifically, the sampling location was chosen because the
physical and hydrological properties are representative of the coastal water flow encountered in the
eastern English Channel (Brunet et al. 1992).
In a high-resolution time series at 2 Hz, temperature
and salinity (regarded as passive scalars under physical
control) and in vivo fluorescence (a proxy for phytoplankton biomass) were measured simultaneously at a
single depth (10 m) with a Sea-Bird Sealogger CTD
probe and a SeaTech fluorometer, respectively. In addition, temperature and salinity and in vivo fluorescence
were measured every hour from the surface to the bottom with a Sea-Bird 19 Sealogger CTD and a SeaTech
fluorometer. Current speed and direction were measured every 5 min at 3, 6 and 10 m with Anderra current
meters. Wind data were collected every hour with a
shipboard anemometer. Water samples were collected
every hour from a depth of 10 m with Niskin bottles,
and chlorophyll a concentrations were estimated following Strickland & Parsons (1972) from 1 l filtered
frozen samples, extracted with 90% acetone, and
assayed in a spectrophotometer.
Quantifying dissipation rate of kinetic energy of
turbulence. In the eastern English Channel, the kinetic
energy of turbulence can be generated by wind and/or
tide. The dissipation rate of the kinetic energy of windgenerated turbulence εw (m2 s– 3) was calculated using
the formula for the boundary layer model used by
MacKenzie & Leggett (1991):
εw = (5.82 × 10– 9)U 3/z
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where U and z are wind speed (m s ) and sampling
depth (10 m), respectively. The dissipation rate of
turbulence energy induced by the tidal flow εt (m2 s– 3)
was subsequently estimated following MacKenzie &
Leggett (1993):

Boulogne sur Mer

FRANCE

εt = φu 3 /h

Bay of Somme
30 km

49°
57’
N

2°24’E
Fig. 1. Study area and location of sampling station off the
French coast (Q) of the eastern English Channel

(2)

where φ, u and h are the fractions of tidal energy used
for vertical mixing (φ = 0.006, Bowers & Simpson 1987),
the depth-averaged velocity of the tidal flow (m s–1)
and the depth of the water column (m), respectively.
Values of εt exceeding 2.4 × 10– 5 m2 s– 3 are typical of
tidally mixed waters (MacKenzie & Leggett 1991).
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(3)

where Δz is variation in depth, and Δu and Δv are variations in the instantaneous speed of the 2 orthogonal
components u (cross-channel) and v (along-channel) of
the tidal current, respectively.
Quantifying phytoplankton patchiness. For fully developed homogeneous turbulence, power laws have
been proposed for fluctuations in passive scalars (i.e.
temperature, salinity, and a priori phytoplankton cells)
in Fourier space (Obukhov 1949, Corrsin 1951) via
power spectral analysis as E(k)∝f – β, where f is frequency (s–1) and β ≈ 5/3. Strictly speaking, a spectral
analysis corresponds to an analysis of variance in
which the total variance of a given process is partitioned into contributions arising from processes with
different time scales. A power spectrum then separates
and measures the amount of variability occurring in
different frequency bands. When all or parts of the
spectrum follow the above mentioned power law, this
indicates the absence of any characteristic time scale
in the range of scales to which the power law applies.
However, power spectral analysis, implicitly based
on Gaussian statistics and limited to a second-order
statistic (the variance), characterises very poorly quantities that vary intermittently (i.e. occasional and unpredictable large peaks separated by very low values).
A generalisation of the widely used power spectral
approach in real space was thus adopted with the help
of the q th order structure functions that have been
extensively described and illustrated elsewhere (Seuront et al. 1996, 1999, 2002). For a given quantity, X,
fluctuating in time, the q th order structure functions
are defined as 冬( ΔX ( τ))q 冭 ∝ 冬|X (t + τ) – X ( τ)|q 冭, where
the brackets ‘冬冬.冭冭’ indicate an average performed for all
points of the data set separated by a distance κ and q is
the statistical order of moment (e.g. q = 1 and q = 2 for
the mean and the variance). 冬( ΔX ( τ))q 冭 is then the q th
order statistical moments of the fluctuations of the
quantity X at the time scale τ. For scaling processes,
the scale invariant exponents ζ(q) characterise all the
statistics of the field and are defined as 冬( ΔX ( τ))q 冭 ∝ τζ(q).
The scaling exponents ζ(q) are estimated by the slope
of the linear trends of 冬( ΔX ( τ))q 冭 vs. τ in a log-log plot. In
particular, the first moment gives the scaling exponent
ζ(1) = H, corresponding to the scale-dependency of
the average fluctuations: if H ≠ 0, the fluctuations will
depend on the time scale. The second moment is

RESULTS
Hydrodynamic conditions
At all depths, current vectors showed wide variations, related to the semidiurnal (12.4 h) tidal component (Fig. 2A). During flood and ebb tide, offshore and
inshore waters were consequently advected inshore
and offshore, respectively. This resulted in variations
of 6 h periodicity in the current speed, which ranged
from 5 to 116 cm s–1 at 3, 3 to 109 cm s–1 at 6 m and 2 to
250
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linked to the power spectral slope β, as β = 1 + ζ(2). For
scaling (i.e. fractal) processes, the function ζ(q) is linear: ζ(q) = q /2 for Brownian motion, and ζ(q) = q /3
for non-intermittent turbulence. For multiscaling (i.e.
multifractal) processes, this function is non-linear and
convex (Seuront et al. 1999). The convexity of the function ζ(q) expresses the intermittent (i.e. patchy) deviation from homogeneity, in which case ζ(q) = qH. Practically speaking, the nonlinearity of the function ζ(q)
characterises a heterogeneous distribution with a
few dense patches over a wide range of low density
patches, and will thus be used hereafter as an index of
phytoplankton patchiness: the more convex ζ(q), the
more patchy the phytoplankton distribution.
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The vertical stability of the water column cannot be
estimated by Richardson number (Ri) or static stability
(N 2) because the water column has no vertical structure, i.e. no vertical gradient of density. Nevertheless,
the dynamic stability of the water column was estimated using the square of the total shear S (Itsweire
et al. 1989):
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Fig. 2. Time series (5 min resolution) of (A) instantaneous tidal
current direction and (B) speed during sampling experiment
in the eastern English Channel
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115 cm s–1 at 9 m depth (Fig. 2B). No significant differences were detected between current speed and direction at any of the 3 depths investigated (Kruskal-Wallis
test, p < 0.01). The related depth-averaged mean dissipation rates εt, εt = 6.85 × 10– 5 m2 s– 3, ranged from
1.32 × 10– 7 to 3.07 × 10– 4 m2 s– 3, which is characteristic
of a strongly mixed tidal area. The vertical shear activity S 2 (S 2 = 8.32 × 10– 3 s–2), which can generate turbulence, was always higher than 2.4 × 10– 4 s–2, a low
shear effect according to Itsweire et al. (1989), indicating an elevated turbulence in the water column. The
moderate NNE wind (3.9 ± 0.4 m s–1; x ± SD) that blew
during the sampling experiment induced dissipation
rates εw ranging from 1.57 × 10– 8 to 5.30 × 10– 8. These
low dissipation rates indicated a negligible effect of
the kinetic energy of wind-induced turbulence on the
water column, especially when compared to the dissipation rate induced by the tidal flow. Autocorrelation
and cross-correlation analyses showed that salinity
also varied with a periodicity of 12 h, and was negatively correlated with current direction (p < 0.05). Temperature exhibited a significantly autocorrelated 12 h
tidal cycle, with a superimposed diel cycle (sinusoidal
regression, r 2 = 0.68).

Phytoplankton biomass
The chlorophyll a concentration was 14.4 ± 4.80 µg
l–1 (x ± SD), which is in the range of values encountered in the eastern English Channel during the spring
phytoplankton bloom period (Seuront et al. 1999). No
decrease in in vivo fluorescence was observed in the
surface layers or at the sampling depth during the daylight period, indicating the absence of photoinhibition
(Falkowski & Kiefer 1985). In addition, as chlorophyll a
concentrations appear to be significantly correlated
with in vivo fluorescence (Kendall’s τ, p < 0.01), the
high-frequency in vivo fluorescence data recorded in
the present study can be regarded as a direct and reliable estimate of phytoplankton biomass. Autocorrelation analysis of chlorophyll a identified a significant
(p < 0.05) 12 h tidal cycle in chlorophyll a concentrations. In addition, cross-correlation analysis between
current direction and chlorophyll a showed that phytoplankton biomass was positively correlated (p < 0.05)
with tidal current direction.

Subsampling of phytoplankton populations
A direct consequence of the advective processes
detailed above is that during a full tidal cycle, inshore
and offshore waters would flow past the stationary
sampling site during an ebb and a flood period. It is

thus impossible to separate inshore and offshore effects
by dividing the sampling into ebb and flood periods, as
both water types would be sampled during the first
and second half of each period, respectively. To separate the inshore from the offshore waters, the subsampling periods were shifted relative to the tidal phase by
half the tidal period (i.e. 3 h). Offshore waters were
sampled during the second half of the flood tide, while
inshore waters were sampled during the second half of
the ebb tide. The first half of both flood and ebb tides
was investigated separately to infer any potential differences in phytoplankton patchiness of inshore and
offshore waters related to the flood tide/ebb tide transition. Twenty four time series (30 min duration) of in
vivo fluorescence were analyzed during the first and
second half of the flood and ebb tides. For comparison,
and to provide a reference framework that can be
related to purely passive scalars, the original temperature and salinity time series were also subsampled.
The dissipation rates εt estimated during the first and
second halves of both flood and ebb tide were very
similar (Fig. 3). They ranged from 1.54 × 10– 7 to 2.55 ×
10– 4 and 1.91 × 10– 7 to 3.06 × 10– 4 m2 s– 3 for the first half
of the flood and ebb tides, and from 2.60 × 10– 7 to 2.98 ×
10– 4 and 5.07 × 10– 7 to 3.52 × 10– 4 m2 s– 3 for the second
half of the flood and ebb tides, respectively. Analysis of
these data subsets allows direct comparisons of the
effect of turbulence on patchiness of inshore and offshore phytoplankton populations.

Turbulence, tide and phytoplankton patchiness
The function ζ(q) was estimated from the linear
behaviour of the in vivo fluorescence structure functions, 冬( ΔF ( τ))q 冭, as a function of the time scale τ in a
log-log plot for values of q ranging from 0.1 to 5, with
0.05 increments (Fig. 4). It must be noted here that
because the data sets considered are time series, the
time scales τ were converted into length scales l. This
was achieved using the mean instantaneous tidal current speed V measured at the sampling depth during
the recording process of each time series, considered
here as l = V × τ. A power law behaviour was observed
for time scales ranging from 1 to 19.85 ± 1.13 s (x ± SD;
x ∈ [18.04 to 21.93]) for in vivo fluorescence (Fig. 4),
and from 1 to 1002.32 ± 29.24 s (x ± SD; x ∈ [950.52 to
1049.19]) for temperature and salinity (data not shown).
The related spatial scales then range from 0.28 ±
0.16 m (x ± SD; x ∈ [0.05 – 0.53]) to 11.03 ± 6.19 m
(x ± SD; x ∈ [1.81 to 21.88]) for in vivo fluorescence,
and from 0.28 ± 0.16 m (x ± SD; x ∈ [0.05 to 0.53]) to
559.07 ± 313.82 m (x ± SD; x ∈ [90.19 to 1099.69]) for
temperature and salinity. The results of the patchiness
analysis of the in vivo fluorescence time series are

97

Seuront: Small-scale phytoplankton patchiness

10–3

 (m2 s–3)

10–4

10–5

10–6

10–7
0

4

8

12

16

20

24

28

32

36

40

44

48

Time (h)
Fig. 3. Time series of dissipation rates of tidally induced turbulence (εt) investigated in framework of phytoplankton patchiness
study. Black and grey vertical bars: subsampling during first and second half of each tidal period, respectively; black and grey
horizontal bars on top abscissa: ebb and flood tide conditions, respectively

a purely passive scalar in ebb and flood tide conditions,
respectively. The gradients observed in the phytoplankton concentrations were thus higher and lower
than temperature and salinity gradients in ebb and
flood tide conditions, respectively, whatever the intensity of turbulence. As a consequence, inshore and off2.5

2.0

Log <⌬F() q >

shown in Fig. 4. The clear nonlinearity of the function
ζ(q) illustrates the patchy character of small-scale
phytoplankton distributions (Fig. 5).
The function ζ(q) estimated for the temperature and
salinity time series remained the same across variable
turbulence and tidal conditions (Figs. 5 & 6). In contrast, for a given turbulence level, phytoplankton biomass was always more patchy during the second half
of ebb tide than during the second half of flood tide
(Fig. 5), suggesting more patchiness in inshore than
in offshore waters. More specifically, the difference
between the function ζ(q) estimated during flood tide
(Fig. 6A) and ebb tide (Fig. 6B) indicates that for the
same range of turbulence intensities phytoplankton
patchiness decreased during the flood tide (Fig. 6A)
and increases during the ebb tide (Fig. 6B). In addition,
phytoplankton patchiness was higher at the beginning
of the ebb tide than at the beginning of the flood tide
(Fig. 6). This is indicative of mixing between inshore
and offshore water masses during the transition between flood and ebb tide. Flood and ebb tide phytoplankton populations can nevertheless exhibit very
similar levels of patchiness (e.g. for the highest and
lowest turbulence conditions considered for flood and
ebb tides, respectively in Fig. 5). Finally, phytoplankton
distributions were more and less patchy than would be
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Fig. 4. In vivo fluorescence structure functions 冬( ΔF( τ))q 冭 vs.
time scale τ in log-log plot for q = 1, 2 and 3 (from bottom to
top), where slopes of lines provide estimates of first, second
and third moment scaling exponent ζ
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and ebb tide (ET; grey lines), compared to statistically indistinguishable empirical exponents estimated for temperature
and salinity (e) and theoretical homogeneous linearity ζ(q) =
qH (dashed line). Nonlinearity of ζ(q) indicates that phytoplankton distributions are far from homogeneous, and that
in both tidal conditions patchiness increases with decreasing
dissipation of turbulence energy. Energy dissipation rates
(from bottom to top) during ebb tide = 5.07 × 10– 7, 1.11 × 10– 6,
5.17 × 10– 6, 1.43 × 10– 5, 5.13 × 10– 5 and 3.52 × 10– 4 m2 s– 3, and
during flood tide = 2.60 × 10– 7, 4.70 × 10– 7, 1.07 × 10– 6, 5.16 ×
10– 6, 1.24 × 10– 5, 6.32 × 10– 5, 1.05 × 10– 4 and 2.98 × 10– 4 m2 s– 3

2.0

1.2
1.0
0.8
0.6
0.4
0.2
0.0
0.0

q
shore phytoplankton populations must be respectively
considered as more and less homogeneously distributed than purely passive scalars. This is indicative of
the predominant influence of the biological properties
of phytoplankton cells on turbulence processes. There
is still no clear explanation as to why phytoplankton
cells are more homogeneously distributed than a
purely passive scalar during flood tide. However, this
could be the result of biological properties such as the
cohesiveness of Phaeocystis globosa cells/colonies,
which is likely to dampen the gradients expected
under the purely physical control of turbulence fluctuations.

DISCUSSION
Biophysical sources of small-scale phytoplankton
patchiness
During spring blooms, the prymnesiophycean Phaeocystis globosa dominates the phytoplankton community in the eastern English Channel, especially in
inshore waters (Seuront et al. 2002), and reached very
high concentrations during the sampling period (Seuront & Souissi 2002). The genus Phaeocystis, known

Fig. 6. Empirical scaling function ζ(q) estimated for in vivo
fluorescence during first and second half of (A) flood and (B)
ebb tide over same range of turbulence intensities. During
first and second halves of flood tide, dissipation rates ranged
(from bottom to top) from 1.54 × 10– 7 to 2.55 × 10– 4 m2 s– 3 (grey
lines) and from 2.60 × 10– 7 to 2.98 × 10– 4 m2 s– 3 (black lines),
respectively; during first and second halves of ebb tide, dissipation rates ranged (from bottom to top) from 1.91 × 10– 7 to
3.06 × 10– 4 m2 s– 3 (grey lines) and from 5.07 × 10– 7 to 3.52 ×
10– 4 m2 s– 3 (black lines), respectively. Statistically indistinguishable empirical exponents estimated for temperature and
salinity (e) and theoretical homogeneous linearity ζ(q) = qH
(dashed lines) are shown for comparison; vertical arrows
indicate shift in phytoplankton patchiness between first and
second half of flood and ebb tides

for its highly developed swarming capacity (Verity &
Medlin 2003), is likely to be responsible for a high
patchiness in inshore waters, especially over the smallest scales investigated here (ca. 20 cm). Density of P.
globosa (especially the colonial form) is much higher
inshore than offshore (Seuront & Souissi 2002). Coagulation processes involving large (i.e. >1 mm) P. globosa colonies could thus also contribute to increasing
the level of phytoplankton patchiness observed inshore, especially in comparison with offshore waters
dominated by the non-colonial genus Emiliana (Brylinski et al. 1991). Other biologically driven processes
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such as surface accumulations of ultraplankton caused
by the low sinking rate of small cells (Raimbault et al.
1989) or of flagellates arising from their active displacement in the upper layer (Kamykowski et al. 1997),
or the fast sinking of senescent P. globosa colonies
(Peperzak et al. 2003) cannot be regarded as potential
sources of patchiness because of the absence of any
vertical trend in the fluorescence vertical profiles
(Kendall’s τ, p > 0.05).
Alternatively, while the formation of phytoplankton
patches by near-inertial wave shear (Franks 1995) is
unlikely to occur in the well-mixed coastal waters
investigated here, other physical processes could be
involved in the creation of phytoplankton patchiness.
In particular, the influence of a tidal front, previously
identified in a global analysis of the same data set
(Seuront et al. 1999) and separating the inshore
‘coastal flow’ from offshore waters, may be a major
source of patchiness. The accumulation of phytoplankton biomass at fronts (e.g. Franks 1992), combined with
horizontal tidal and wind-driven transport and/or
shedding of eddies by instability of the tidal front,
could create patchiness on horizontal scales in the
order of 10 km (Franks & Walstad 1997). Tidal and
wind-driven alongshore transport and the northward
spread of local blooms initiated in the Somme and
Seine estuaries is also likely to be responsible for
phytoplankton patchiness on a scale of kilometres
(Ellien et al. 2004). Such large-scale phytoplankton
patchiness is much larger than that observed herein,
which lay between 0.3 and 11 m. However, taking into
account the depth of the water column and the turbulence dissipation rates in the present study (21 to 28 m
and 10– 7 to 10– 4 m2 s– 3, respectively), the large horizontal patches would be expected to cascade down to
scales < 21 to 28 m by the action of 3-dimensional and
isotropic turbulence. Tidal mixing is also known to
generate heterogeneity in suspended matter and
phytoplankton throughout the water column (Eisma &
Li 1993, Blanchard et al. 2001), mainly through resuspension of benthic and tychoplanktonic phytoplankton
populations, which particularly important in the inshore waters of the eastern English Channel (Dupont
et al. 1991, Huault et al. 1994).

Small-scale phytoplankton patchiness and
zooplankton grazing
Prey distribution is very important to predators, since
food availability changes with level of patchiness. A
patchy distribution means a smooth and predictable
distribution of particles gathered in small numbers
of patches, while a more homogeneous distribution
means a rough, fragmented, compact and less pre-
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dictable distribution. When a predator can detect its
prey at long distances, patchy prey distribution would
be more advantageous. In contrast, when a predator
has no such ability, homogeneous prey distributions
would be more advantageous, since food quantity
and thus encounter rate become proportional to the
searched volume as patchiness decreases. In the
present study, at similar turbulence intensities phytoplankton patchiness was always significantly higher
inshore than offshore. This may explain why calanoid
copepods such as Temora longicornis are much more
abundant inshore than offshore in the eastern English
Channel (e.g. Seuront & Lagadeuc 2001), and display
maximum abundance during a Phaeocystis sp. bloom
(Fransz et al. 1992), since foraging would be much
more profitable inshore than offshore.
Following the seminal work of Rothschild & Osborn
(1988), who proposed an enhanced rate of predator–
prey contact due to microscale turbulence, subsequent
studies have found both enhanced and depressed
ingestion by copepods under turbulent conditions (e.g.
Saiz & Kiørboe 1995, Saiz et al. 2003). In the present
work, increasing turbulence decreased phytoplankton
patchiness in inshore and offshore waters (see Figs. 5
& 6). Therefore, considering that predator–prey encounter rates are mainly driven by behavioural adaptation to prey patchiness (Seuront et al. 2001), increased
turbulence may lead to lower food availability for
copepods inshore than offshore.
The high chlorophyll a concentrations (14.41 ±
4.80 µg l–1) in the present study were above the saturation threshold for feeding in Temora longicornis
(Berggreen et al. 1988) assuming a C:chlorophyll a
ratio of 30:50. Thus, T. longicornis was not food
limited and the effects of patchiness and turbulence
would be negligible. However, several studies have
shown that T. longicornis do not feed on solitary
Phaeocystis spp. cells, even when these are available
in high concentrations (Verity & Smayda 1989,
Hansen & van Boekel 1991, Bautista et al. 1992, Breton et al. 1999). Other studies have shown that copepods do graze on Phaeocystis sp., but classified this
alga as a poor food source (Cotonnec et al. 2001,
Turner et al. 2002). On the other hand, Hamm &
Rousseau (2003) showed that colonies of P. globosa
contain fatty acids of high nutritional value and are
the major food source for copepods and decapods during P. globosa blooms. During the colonial phase of a
P. globosa bloom, diatoms embedded in the colonies
are grazed even at low concentrations (Van Rijswijk
et al. 1989). I thus suggest that the phytoplankton
observed herein might indirectly benefit T. longicornis, which preferentially grazes on diatoms and P. globosa colonies during the spring phytoplankton bloom,
as recently shown by Devreker et al. (2005).
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CONCLUSION
This study provides support for the long-standing
assumption that small-scale turbulence homogenises phytoplankton distributions, since phytoplankton
patchiness decreased with increasing turbulence turbulence intensities ranging from 10– 7 to 10– 4 m2 s– 3.
In addition, phytoplankton patchiness was higher in
inshore than in offshore waters and during ebb tide
than flood tide in similar conditions of turbulence.
Thus, because of the positively skewed trends of the
distributions (see also Seuront et al. 1999, 2002), phytoplankton stocks are likely to be systematically underestimated because of the intrinsic patchy properties of
the phytoplankton populations. More specifically, in
the eastern English Channel, this bias would be higher
for inshore than offshore phytoplankton populations,
and would decrease with increasing turbulence intensity. This study has demonstrated that the phenomenon of small-scale phytoplankton patchiness emphasizes the need for detailed investigation of biological
space-time structure and biophysical interactions at
ecologically relevant scales.
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