
Vol. 73: 149-160, 1991 MARINE ECOLOGY PROGRESS SERIES 
Mar. Ecol. Prog. Ser. 

Published July 11 

Quantifying the contribution of small-scale 
turbulence to the encounter rates between larval 
fish and their zooplankton prey: effects of wind 

and tide* 

B. R. MacKenzie, W. C. Leggett 

Department of Biology, McGill University, 1205 ave. Dr. Penfield, Montreal, Quebec, Canada H3A 1B1 

ABSTRACT: It has recently been suggested that small-scale turbulence can increase the encounter rate 
between planktonic predators and their prey. In this paper, we quantify the contribution of turbulence to 
contact rates and estimate the potential for misrepresenting larval contact rates when turbulence is not 
accommodated in interpretations of the larval food resource. This was achieved through simulations 
evaluating the nature and magnitude of wind- and tide-induced turbulence on the encounter rate 
between larval fishes and copepod nauplii. These simulations were based on an empirical model 
describing turbulent energy levels under varying conditions of wind and depth, and on the Simpson- 
Hunter formulation for depth-averaged turbulence due to tidal motion. The contribution of small-scale 
turbulence to encounter rates depended strongly on wind and tidal velocities, prey density and 
distribution, and larval fish swimming speeds. Failure to consider the influence of small-scale turbulence 
when prey density 5 35 1-' can result in up to an 11-fold underestimation of the frequency of contacts 
between f ~ s h  larvae and prey under conditions prevailing at fronts In waters over the northwest European 
continental shelf during summer, and up to 112 % for larvae at depth 20 m during wind velocities of 5 m 
S-' These biases increase when prey densities are lower and when prey are heterogeneously distributed. 
We also show that turbulence may slow the rate of starvation among larval fish because weak, slow- 
swimming individuals are more likely to benefit from turbulence than faster-swimming larvae. We 
conclude that turbulence, in addition to light and nutrients, may be  an important component of the 
observed increase in plankton production rates and biomass at tidal fronts and at other upwelling systems. 

INTRODUCTION 

The dissipation of turbulent kinetic energy from 
large to small size scales is an inherent characteristic of 
the aquatic environment (e.g. Simpson et al. 1978, 
Lueck & Reid 1984, Thorpe 1985). Planktonic organ- 
isms respond both actively and passively to fluctuations 
in turbulent kinetic energy in their habitat (Yamazalu & 

Osborn 1988). For example, vertical differences in 
photoadaptive properties (e.g.  maximum photosynthe- 
tic rate) of phytoplankton populations are reduced by 
high turbulence levels (Lewis et al. 1984) and plankton 
populations are more dispersed in turbulent than in 
calmer water masses (Lasker 1975, Haury et al. 1990). 

' Contribution of the programs of the Groupe Interuniver- 
sitaire de Recherches Oceanographiques du Quebec and 
the Huntsman Marine Science Centre 

O Inter-Research/Printed in Germany 

Small-scale turbulence is suggested to be an impor- 
tant component of plankton trophodynamics (Roth- 
schild & Osborn 1988), including larval fish (Murphy 
1961, Hunter 1972, Sundby & Fossum 1990). Roth- 
schild & Osborn (1988) showed analytically that zoo- 
plankton feeding rates may be underestimated by fai- 
lure to consider turbulent motion when assessing the 
potential frequency of encounters between predators 
and prey. Sundby & Fossum (1990) found that the 
feeding rates of cod larvae increased 2-fold when winds 
were 6 m S-', compared to periods when winds were 
only 2 m S-'. 

These studies strongly suggest that contact rates, and 
hence feeding rates of zooplankton and larval fish, may 
be seriously biased by excluding the contribution of 
small-scale turbulence to these rates. This is consistent 
with the recent finding of MacKenzie et al. (1990) that 
wild populations of larval fish collected during plank- 
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ton surveys feed at higher rates than would be pre- 
dicted from laboratory studies (in which turbulence is 
absent or reduced) when exposed to equivalent food 
and temperature conditions. The nature and mag- 
nitude of this bias are likely to be  related to differences 
in winds, tides, and water depths, all of which are 
known to influence the presence and character of 
small-scale turbulence in aquatic systems (e.g. Lueck & 
Reid 1984, Nixon 1988). The precise influence of these 
factors on plankton encounter rates has not yet been 
systematically investigated, although they can be 
evaluated through simulations. 

The range of possible contact rates between larvae 
and prey in nature is vast, given the natural variability 
in dissipation rates (Osborn 1978, Oakey & Elliott 1982, 
Shay & Gregg 1986), prey densities (Owen 1989, Mac- 
Kenzie et  al. 1990) and swimming speeds of larvae 
(Miller et al. 1988) and prey (Checkley 1982). Indi- 
vidual larvae may be  exposed to only a small portion of 
this variability because adult spawning and larval 
swimming behaviours may be adapted to place/main- 
tain larvae in geographic areas (Kierrboe & Johansen 
1986, SinclaiI' 1988) and/or at depths (Munk et al. 1989) 
where feeding success is likely to be high. Such loca- 
tions might include sites of prey aggregations (e.g. 
thermoclines and fronts; LeFevre 1986) or places where 
historic wind and tidal conditions increase turbulence, 
and hence the encounter rates between larvae and 
their prey. 

In this paper we  explore, through simulation, some of 
the meteorological and oceanographic circumstances 
under which small-scale turbulence created by wind 
and tide energy might significantly increase contact 
rates between larval fish and their prey. We also esti- 
mate the potential bias produced by failing to recog- 
nize the contribution of turbulent motion to the feeding 
ecology of larval fish in nature. Such knowledge is 
useful both as a first order guide to correcting larval 
fish and zooplankton feeding rates in the sea, and as a 
guide to improving the designs of laboratory experi- 
ments in which predator/prey dynamics are explored 
(MacKenzie et  al. 1990). 

METHODS 

Estimating the dissipation rate of wind-generated 
turbulent kinetic energy. Oakey & Elliott (1982) iden- 
tified an empirical relationship between wind speed 
and the depth-averaged rate of dissipation of turbulent 
kinetic energy, E, in the mixed layer (0 to ca 20 m) at a 
site on the Scotian Shelf, Canada. Sundby & Fossum 
(1990) used this model to estimate the influence of 
small-scale turbulence on the encounter rate between 
cod larvae and their prey near Lofoten, northern Nor- 

way. However, wind-induced turbulence in the upper 
layer is known to decrease with depth (Dillon et  al. 
1981, Oakey 1985. Yamazaki & Kamykowski 1991). 
Many species of fish larvae (Heath et  al. 1988. Frank & 
Carscadden 1989) and zooplankton (McLaren 1963, 
Williams et al. 1987) have complex vertical distribu- 
tions. Larval fish and their prey will, therefore, be 
exposed to variations in turbulence caused by fluctua- 
tions of both wind speed and their distance from the 
water surface. It is, therefore, necessary to estimate 
small-scale turbulence at different depths within the 
water column. To assess this question, we used pub- 
lished reports of E to develop a multiple regression 
model incorporating wind speed, water depth and 
habitat (open ocean, coastal zone) as inputs. 

Density gradients within the water column (stratifi- 
cation) may also be  important in influencing the rate of 
dissipation of turbulent kinetic energy (Rothschild & 
Osborn 1990, Yamazaki 1990). However these data 
were reported too infrequently to be included in our 
analyses. We attempted to minimize the influence of 
stratification on our estimates of small-scale turbulence 
by using dissipation rates measured exclusively within 
the wind-mixed layer where density gradients are 
small relative to those within the pycnocline. 

The model we developed is given by 

log E = -5.104 2' 07' + 0.748 log (W3) + 0.945 ENV 
= 0.60 (1) 

where E = dissipation rate of turbulent kinetic energy 
(W m-3); Z = water depth (m); W = wind speed (m S-');  

and ENV = environment (ENV = 0 if turbulence was 
measured at a site beyond a continental shelf, ENV = 1 
if turbulence was measured on a continental shelf or in 
a lake). 

This model is based on 1138 measurements of the 
dissipation rate of turbulent kinetic energy at 12 differ- 
ent aquatic sites, of which 1 l were marine (n = 1132) 
and 1 was freshwater (n  = 6). Additional details regard- 
ing Eq. ( l) ,  and the data used in its derivation, will be 
reported elsewhere (MacKenzie & Leggett unpubl.). 

We used turbulence values derived from Eq. (1) to 
calculate the turbulent velocity contribution to the 
swimming velocity of a predator relative to its prey 
(Rothschild & Osborn 1988). In this formulation, when 
the separation distance, r (m), between predator and 
prey exceeds the Kolrnogorov length scale, rl = 2x 
( \> /F) ' ."  ( v  = kinematic viscosity = I O - ~  m2 S- ' ) ,  the 
turbulent velocity, W, is given by 

which is Eq. (4) in Rothschild & Osborn (1988). We 
assume that the separation distance r is approximated 
by N - ~ . ~ ~ ~ ,  where N = the number of prey per m 9 1  m3 
= 10" = 10%m3), 
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The velocity of a larval fish relative to its prey, 
denoted as A (cm S- ' ) ,  can then be calculated from: 

where s = swimming velocity of the prey (cm S- ' ) ;  t = 

swimming velocity of the larva (cm S - ' ) ,  and W = 

turbulent velocity (cm S-'). 

Prey contact rate, C, is then calculated as 

where D = n R2 N, and R (cm) is the encounter radius of 
the predator (Rothschild & Osborn 1988). 

In employing this derivation of contact rate, we 
assume, as did Sundby & Fossum (1990), that the 
encounter radius, R (also known as the reactive dis- 
tance, RD; Wanzenbock & Schiemer 1989), of larval 
fish is constant in all directions. This may not be strictly 
true (Rosenthal & Hempel 1970, Blaxter & Staines 1971, 
Wanzenbock & Schiemer 1989) but for the present 
purposes is a reasonable approximation. 

In addition, encounter radii for a given predator, 
even when assumed constant in all directions, vary 
with factors such as light intensity, size and swimming 
velocity of the predator, and prey size and conspicu- 
ousness (Gerritsen & Strickler 1977, Lazzaro 1987, Mil- 
ler et al. 1988, Wanzenbock & Schiemer 1989). We have 
excluded exact values of n R2 from our calculations of 
contact rate (Eq. 4) to isolate the effects of turbulent 
velocity, w2, and relative velocity, A,  on larval contact 
rates. In our simulations, therefore, D is taken to be 
proportional to prey density N. Consequently, contact 
rate, C, is expressed in units of prey cm-2 S- ' .  Where 
the prey encounter radius, R, is known, these rates can 
be converted to prey S-' by multiplying C by the 
appropriate value of n R ~ .  

Wind effects on contact rates. We used the empirical 
turbulence model (Eq. 1) to estimate the contact rates 
between larvae and prey at several combinations of 
wind speed and water depth, and at  2 larval swimming 
velocities. The wind speeds evaluated (0 to 15 m S-') 

spanned the range that occurs over many larval nursery 
areas (e.g. Bowers & Simpson 1987, Frank & Carscad- 
den 1989). The depth range evaluated (0 to 60 m) 
encompasses the vertical range in distribution of many 
species of marine fish larvae (e.g. Buckley & Lough 
1987, Heath et  al. 1988, Frank & Carscadden 1989, 
Munk et al. 1989). All simulations assumed larvae were 
located in a continental shelf habitat (ENV = 1 ; Eq. 1). 

Larval swimming speeds evaluated were 0.2 and 0.5 
cm S-'. The slower speed is close to the average cruis- 
ing speed of first-feeding cod larvae (standard length = 

4.5 mm; Sundby & Fossum 1990). Given the relation- 
ship between larval size and swimming speed across 
species, as reported by Miller et al. (1988), the 0.5 cm 
S- '  speed approximates that for larvae of total length 

5.7 mm. The 2 swimming speeds were used to evaluate 
the influence of identical turbulence levels on larvae 
having different swimming abilities (commonly associ- 
ated with size; Miller et al. 1988). 

The prey modelled were copepod nauplii which con- 
stltute the dominant prey of larvae of many commer- 
cially exploited manne fish species (Theragra chalco- 
grarnma, Dagg et  al. 1984; Gadus morhua, Ellertsen et 
al. 1984; Scomber scombrus, Peterson & Ausubel 1984, 
Buckley & Lough 1981; Clupea harengus, Heath et  al. 
1989; Melanogrammus aeglefinus, Buckley & Lough 
1987). We assumed that these prey swam a t  a velocity 
of 0.02 cm S-' for the simulations involving larval swim- 
ming speeds of 0.2 cm s-'. This prey velocity is consi- 
dered to approximate that for Calanus finmarchicus 
nauplii (Sundby & Fossum 1990). 

We assume that the difference in swimming speeds 
in the larvae in our simulations is due  principally to 
differences in their sizes and thus, that the faster swim- 
ming larvae (0.5 cm s-') prefer larger prey (Hunter 
1981). We increased the prey swimming speed in these 
simulations to 0.05 cm S-' .  This 10-fold difference in 
swimming speeds between prey and fish larvae is con- 
sistent with Gerntsen & Strickler's (1977) observation 
that vertebrate predators swim much faster than their 

Prey. 
We used 2 prey densities (5 and 35 nauplii I - ' )  to 

compare how different levels of turbulence affect con- 
tact rates when food supplies differ. These prey 
densities approximate those found in many larval 
nursery areas (e.g. Cape Hatteras, North Carolina, 
USA: Checkley et al. 1988; Lofoten, Norway: Ellertsen 
et al. 1984; Bering Sea: Dagg et al. 1984), but al-e lower 
than the median denslty found in 46 marine environ- 
ments if one assumes that one copepod nauplius 
weighs ca 0.2 to 0.5 pg dry (MacKenzie et al. 1990). 

The spatial distribution of zooplankton, an important 
characteristic of larval food resources (Owen 1989), is 
also likely to influence the encounter rate between 
larvae and their prey. The number, size, and intensity 
of prey patches is influenced by biotic (e .g ,  zooplank- 
ton migratory behaviours, growth and mortality rates; 
McLaren 1963, Williams et al. 1987, Owen 1989) and 
abiotic (wind conditions, water column turbulence; 
Owen 1989, Haury et  al. 1990) factors. However, con- 
ventional plankton sampling methods are unreliable in 
identifying and quantifying the scale and density of 
these patches (Owen 1989). We, therefore, used our 
models to quantify (1) the bias in estimates of contact 
rates that may result when integrative sampling 
methods are employed and the contribution of turbu- 
lence to contact rates is ignored, and (2) how larval 
contact rates can change with storm-related redistribu- 
tion of prey (e.g.  Lasker 1975). 

We compared turbulence-enhanced contact rates 
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between slow-swimming larvae and prey under 2 
scenarios: (1) prey were patchily distributed on a verti- 
cal spatial scale of 5 to 10 m; and (2) prey were distri- 
buted homogeneously throughout the 60 m water col- 
umn. The first scenario is analogous to a prey distribu- 
tion which might occur prior to a wind mixing event 
(Lasker 1975, Frank & Carscadden 1989) or in areas of 
weak tidal currents (Bowers & Simpson 1987). This 
situation, therefore, considers prey patchiness within a 
mixed layer (e.g. Peterson & Ausubel 1984, Checkley et 
al. 1988, Fortier & Harris 1989), but not patchiness 
associated with pycnoclines where Eq. (1) may give 
unreliable estimates of turbulence. 

The scenario involving homogeneously distributed 
prey corresponds to conditions which might prevail 
after passage of a storm (Lasker 1975, Owen 1989), or 
in tidally mixed water columns (Bowers & Simpson 
1987, Heath et  al. 1989). The range of wind speeds 
used in these simulations was restricted to between 0 
and 10 m S-' because it is unlikely that prey would 
remain heterogeneously distributed at higher wind 
speeds (Owen 1989). 

In the pre- and post-storm scenarios, the depth-aver- 
aged prey density for the entire water column (0 to 
60 m) was 20 nauplii I-'. 

Tidally induced turbulence. To estimate the rate of 
dissipation of tidally generated turbulent kinetic 
energy, we derive the viscous dissipation of energy from 
the large-scale dynamics (p. 19-20 and 68 of Tennekes 
& Lumley 1972) of tidal flow. In this formulation, the rate 
of energy supply from large-scale eddies to small-scale 
eddies is proportional to u ' ~ / L ,  where t is the largest 
eddy size associated with the flow or the width of the 
flow (Tennekes & Lumley 1972, Veth 1990). 

Bowers & Simpson (1987) have shown that the poten- 
tial for tidal flow to completely mix a water column is 
expressed by a tidal stirring parameter, u3/h, where U is 
the M2 depth-averaged tidal velocity and h is the water 
column height. Most of the dissipated tidal energy 
represented by u3/h is lost as heat (Bowers & Simpson 
198?), but a percentage of u3/h is available for creating 
turbulent motion and vertical mixing within the water 
column (Bowers & Simpson 1987). If this percentage is 
denoted as  5, then the absolute amount of dissipated 
turbulent kinetic energy which results in vertical mix- 
ing,  F, can be estimated as 

In Eq. (5), we assume that u ' ~  = u3 and that the largest 
eddy size, f ,  is proportional to the water column height, 
h (Tennekes & Lumley 1972, Veth 1990). 

We used Eq. (5) and values for U and h compiled by 
Bowers & Simpson (Table 1; 1987) to estimate the 
depth-averaged turbulent kinetic energy dissipation 
rate at tidally energetic sites on the northwest Euro- 

pean continental shelf during the summer In this re- 
gion, tidal fronts, which delimit the transition zone 
between mixed and stratified water columns, are deh- 
mited by contours of u3/h = 0.004 m2 s - ~  (Bowers & 

Simpson 1987). Depth-averaged turbulent kinetic 
energy dissipation rates ( E )  in frontal areas can, there- 
fore, be  estimated (Eq. 5) as 

= 0.006 (0.004 m2 s - ~ )  (Bowers & Simpson 1987) 
= 2.4 X m2 s - ~  
= 2.4 X 10-* W m-3 

where = 0.006, the fraction of the dissipated tidal 
energy which is used for vertical mixing (Bowers & 
Simpson 1987). Values of €exceeding 2.4 X 1 0 - ~  W m-3 
(i.e. values of u3/h > 0.004 m2 s - ~ )  are typical of tid- 
ally mixed areas (Fig. 1 of Rothschild & Osborn 1988, 
Bowers & Simpson 1987, Otto et  al. 1990, Veth 1990). 

Dissipation rates of turbulent kinetic energy obtained 
from Eq. (5) were then used as inputs in Eq. (2) to 
enable calculation of w2, and A,  and, therefore, ap- 
proximations of the importance of the tidal contribution 
to contact rates. It is important to note that the tidal 
velocity term, U ,  in the stirring parameter is a depth- 
averaged value and that tidally generated turbulence is 
concentrated near the sea-bottom (Loder & Greenberg 
1986). The depth-averaged contact rates which we 
derive will, therefore, overestimate contact rates for 
larvae that feed near the surface. The amount of over- 
estimation will be small for frontal and tidally mixed 
areas because the source of turbulent energy is, by 
definition, relatively close to the water surface and 
because the maximum eddy size from the tidal flow is 
order h. The magnitude of the overestimation will, 
however, be large for stratified regions where the 
source of tidal energy is farther from the surface and 
because the largest eddy size from the tidal flow is 
< order h. For these reasons, we do not quantify the 
influence of tidal energy on plankton encounter rates in 
stratified areas. In any case, we anticipate a priori that 
the contribution of tidal energy to plankton contact 
rates in the surface layer of a stratified water column 
will be  small relative to the contribution of wind, and in 
comparison to tidally energetic areas. 

In our analysls of the influence of tidally generated 
turbulence, we conducted 2 types of simulations using 
only slow-swimming larvae and slow-swimming prey. 
First we assessed how spatial variations in tidally gen- 
erated turbulence might affect contact rates when prey 
densities were uniform across 3 types of hydrographic 
environments (no tidal energy, frontal, well-mixed). 
This simulation was conducted with 4 prey densities: 5, 
20, 35 and 70 nauplii 1-l. Next we assessed how the 
combined spatial variance in both turbulence and prey 
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For some combinations of prey density and depth, 
contact rates estimated from vertically integrated 
samples and without reference to the contribution of 
turbulent kinetic energy (Fig. 3B, curve 11) may actually 
overestimate contact rates (e.g. 60 m; Fig. 3B, curves I1 
and 111). 

Storm effects 

The increases in small-scale turbulence and changes 
in prey distribution associated with storms can have 
either detrimental or beneficial effects on larval contact 
rates. For example, if larvae are located at 20 m where 
prey density is 50 1-' and if the wind speed is 5 m S-' ,  

their contact rates will decrease by 32 '10 during a storm 
having 10 m S-' winds (Fig. 4), assuming that the storm 
homogenizes prey densities throughout the water col- 
umn. The decrease in contact rates would have been 
even greater if not for the increase in turbulence gener- 
ated by a doubling of wind speed. Moreover if this 
same larva was mixed downwards or actively swam to 
deeper water (e.g. 40 m), its post-storm contact rate 
would be reduced by 46 O/O (Fig. 4 ) .  These interactions 
probably contribute to the negative influence of strong 
wind events on in situ survival of larval anchovy (Peter- 
man & Bradford 1987). 

It is important to note, however, that under other 
circumstances fish larvae may also benefit from storm 
events. In our simulation, larvae located at 40 m before 

Depth of Larvae Within Water Column 

Fig. 4. Simulated influence of a storm on contact rates 
between larval fish and their zooplankton prey. Pre-storm 
prey densities vary with depth as follows: 5 1-' for depths = 2 
and 60 m; 10 1-' for depth = 5, 35, 40 and 50 m; 15 1-' for 
depth = 30 m; 25 I-' for depth = 10 m; 40 1-' for depths = 15 
and 25 m; and 50 1-' for depth = 20 m. The depth-averaged 
prey density before the storm is 20 I-'. Prey densities during 
and after the storm are homogeneous with depth at 20 I - ' .  
Wind speeds before, during and after the storm are 5, 10 and 
0 m S- ' ,  respectively. Larval swimming speed is 0.20 cm S-' 

and prey swimming speed is 0.02 cm S- '  

the storm passed would experience a 187 % increase in 
encounter rates during the storm. This occurs because 
prey densities increased in deep water due to redis- 
tribution of prey from shallower waters, and because of 
the storm-related increase in small-scale turbulence. At 
these depths contact rates can be expected to diminish 
slowly as winds slacken and turbulence dissipates du- 
nng  the post-storm period. They will, however, con- 
tinue to equal or exceed pre-storm levels because prey 
densities are now double the pre-storm levels. 

Tidally induced turbulence 

In simulations in which prey densities were uniform 
across 3 hydrographic regimes representing different 
levels of tidally generated turbulence, contact rates 
increased with increased tidal mixing (Fig. 5). For 
example, at prey densities of 35 I- ' ,  an l l-fold increase 
in contact rate might be expected as a consequence of 
the tidal energy input that occurs in a frontal region 
( u 3 / h  = 0.004 m2 s - ~ ;  Bowers & Simpson 1987). 

When prey densities differ across hydrographic re- 
gions, the contribution of tidal energy to plankton con- 
tact rates can be even greater For example, prey 
densities in a water column having no turbulence 
would have to be 14 X higher (70 I-';  Fig. 5) to produce 
contact rates equivalent to those at a frontal zone 
where prey density is only 5 I-'. 

Increasing Turbufence 

24 I 

Front r 
No Tidal Energy 

0 4 00 

1000 X (u3 /h) (m2 s - ~ )  

Fig. 5. Contribution of tidal energy to contact rates between 
fish larvae and their zooplankton prey at 4 prey densities. 
Larval swimming speed = 0.20 cm S- '  and prey swimming 
speed = 0.02 cm S-'. The horizontal axis displays the Simp- 
son-Hunter (1974) stratification index, from whlch E,  the dissi- 
pation rate of turbulent kinetic energy, can be estimated (see 
text, Eq. 5). A value of 1000 X (u3/h) = 4 m2 s - ~  occurs at 
tidally generated fronts (Bowers & Simpson 1987, p. 37). 
Values of 1000 X (u3/h) > 4 m2 s-3 are characteristic of tidally 
mixed water columns. In these simulations, tidal velocities, U, 

were 0, 0.620 and 0.900 m S-',  and h = 60 m 
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DISCUSSION 

Estimating the realized food abundance and assess- 
ing its influence on feeding and growth rates of natural 
populations of larval fish is a major challenge in fisheries 
oceanography. Most conventional sampling programs 
cannot estimate the quantity of prey available to larval 
fish a t  the appropriate spatial scales (Owen 1989). 
Further, they fail to identify larval behavioural respon- 
ses to prey patchiness at  these scales (centimetres- 
metres; Hunter & Thomas 1974, Munk & Kiorboe 1985), 
and link mortality rates to coincident measures of 
food density (e.g.  Taggart & Leggett 1987). In addition, 
predators of larval fish have the potential to remove 
larvae selectively from the water column (Bailey & 
Houde 1989). Larval populations which are captured in 
plankton collections may, therefore, be  growing at  rates 
different from the average for their cohort and inde- 
pendently of the potentially biased estimates of the 
larval food resource (MacKenzie et al. 1990). 

The simulations which w e  developed from our 
estimates of wind- and tidal-induced turbulent energy 
demonstrate the important effect of small-scale turbu- 
lence on contact rates between fish larvae and their 
prey. Failure to recognize the influence of turbulence 
has undoubtedly biased earlier estimates of the contact 
rates between larvae and  prey (Rothschild & Osborn 
1988), and hence of in situ ingestion rates (MacKenzie 
et  al. 1990, Sundby & Fossum 1990). Under the condi- 
tions used in one of our simulations, in which prey 
density was 5 I-', these biases resulted in an  underesti- 
mate of contact rates by 155% at a wind speed of 5 m 
S-'. Our simulations also suggest that contact rates 
could be  underestimated by as much as 11-fold for 
larvae located at  frontal regions such as those on the 
northwest European continental shelf (prey density = 

35 1-l; Fig. 5). The magnitude of this bias will covary 
with wind speed and tidal energy, and with temporal 
and spatial variation in prey density, wh.ich is itself 
subject to other biases (Owen 1989). 

Our simulations involving heterogeneously distri- 
buted prey considered patchiness on the vertical dimen- 
sion at  scales of 5 to 10 m. Patchiness can exist in all 3 
dimensions and at  smaller spatial scales (Jenluns 1988, 
Owen 1989) than those which we have considered. We 
expect that the same general principles that we observe 
would operate at  smaller scales (cm's to m's) closer to 
those of larval feeding activity. Moreover, patchiness on 
the scale of centimetres persists at  wind speeds up to at  
least 10 m S-'  (Jenkins 1988, Owen 1989), although the 
number of patches, and the density of individuals in the 
patch, decrease as wind speeds increase (Owen 1989). 
Consequently, if larvae encounter such a patch, their 
contact rates with prey will be  higher than if prey were 
homogeneously distributed. 

Our empirical evaluation of small-scale turbulence in 
the mixed layer reveals it to be ubiquitous, though 
decreasing nonlinearly with depth, to depths of at  least 
60 m. This indicates that, in general, the surface layer 
must be considered a turbulent environment (Lueck & 

Reid 1984) when judged from the perspective of a 
larval fish and its prey. This is precisely the habitat 
occupied by first-feeding larvae of many species of 
marine fishes (Heath et al. 1988, Fortier & Harris 1989, 
Dauvin & Dodson 1990, Nielson & Perry 1990). This 
suggests that larval fish, and more generally zooplank- 
ton (e.g. Costello et al. 1990, Marrase et al. 1990), 
should possess behaviours that enable them to capture 
and ingest prey under conditions of moderate turbu- 
lence. 

As residents of this environment, larval fish are 
known to be periodically dispersed downwards, or to 
actively avoid the surface, during strong winds (Heath 
et al. 1988). Interactions between illumination, wind- 
induced turbulence (Heath et al. 1988), and prey 
density (Munk et al. 1989) are largely responsible for 
the vertical distributions of larval herring, and possibly 
for other species. For example, very high turbulence 
levels could allow prey to pass through the larva's 
visual field without being successfully captured 
because larval reaction times may be too slow to 
respond to fast-moving prey (e.g. see Checkley [l9821 
and Govoni et  al. [l9861 for factors affecting prey selec- 
tion by larval fishes). In extremely turbulent environ- 
ments larval feeding success may, therefore, b e  lower 
than in less turbulent environments. It is likely, there- 
fore, that larvae use combinations of light, turbulence 
and prey density to maximize in situ feeding success in 
the sea during both calm and storm periods. 

In particular, larval vision (Hunter 198 1, Wanzen- 
bock & Schiemer 1989), and its dependence on illumi- 
nation (Blaxter 1988), will influence the encounter 
radius, R. For example, the gut contents of many 
species of larvae that have been collected at regular 
intervals throughout the day and night reveal a die1 
cycle (Arthur 1976, Kellerman 1990, Young & Davis 
1990), even though turbulence continues, and,  in some 
areas even increases, at  night (Moum & Caldwell 1985, 
Shay & Gregg 1986). 

The demonstration of the potential effect of srnall- 
scale turbulence on contact rates at tidal fronts (Fig. 5) 
adds to our understanding of processes which enhance 
biological production in such areas. Previous explana- 
tions of the high production and/or standing stocks 
commonly observed at fronts have focused mainly on 
the positive effects of increased amounts of phyto- 
plankton cells, light and nutrient conditions, and circu- 
lation processes which entrain organisms towards the 
front (see review by LeFevre 1986). Much of the 
enhanced production may be attributable to increased 
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encounter rates between secondary consumers and 
their prey as a result of small-scale turbulence charac- 
teristic of such regions. High turbulence levels in these 
areas reduce the size of the smallest eddies, whose 
mean length scale is related to the Kolmogorov scale 
(Lazier & Mann 1989, Granata & Dickey 1991). This 
suggests that a larger size range of organisms, and 
possibly more trophic levels within the planktonic food 
web, will benefit from the high levels of turbulence 
found at tidal fronts. 

Given the results of our simulation we would expect 
that in stratified regions of the sea and in lakes, that the 
relative contribution of wind energy (Lueck & Reid 
1984), and the dependence of the biota on this energy 
source, will be more important than tidal energy in 
influencing trophodynamics among planktonic taxa. 
Moreover, wind energy inputs are less reliable ecologi- 
cal signals than tidal energy inputs. If larval fish and 
other zooplankton do require turbulence to offset the 
potentially negative effects of low food densities com- 
monly reported for marine environments (MacKenzie 
et  al. 1990, see also Huntley & Boyd 1984, Olson & 
Olson 1989), populations which inhabit nontidal re- 
gions may experience more variable encounter rates, 
and hence different selection processes, than popula- 
tions inhabiting areas associated with more reliable 
inputs of turbulent kinetic energy (e.g. fronts). 

Our analyses, like those of Rothschild & Osborn 
(1988), indicate that the positive effects of turbulence 
are greatest on the slowest swimmers (Fig. lB), which 
tend to be the sn~allest  larvae (Miller et al. 1988). First- 
feeding and young fish larvae are therefore most likely 
to benefit from small-scale turbulence. These larvae 
may, therefore, have lower foraging-related metabolic 
costs than in the absence of turbulence (Rothschild & 
Osborn 1990, also Wieser et  al. 1988, Boisclair & Leg- 
gett 1989). As swimming ability develops, larvae are 
less dependant on extrinsic, abiotic energy sources 
(winds, tides) a s  a means to encounter prey (Rothschild 
& Osborn 1988). However. even for these larger larvae, 
should their physiological condition deteriorate to a 
point where swimming ability is reduced (Blaxter & 
Ehrlich 1974, Frank & Leggett 1982), kinetic energy 
inputs, such as those that occur during direct wind- 
mixing, at fronts (Bowers & Simpson 1987), and during 
upwelling (Csanady 1989) can potentially increase 
contact rates of larvae with their prey. 

This could reduce the likelihood that larvae would 
starve to death in the sea (e.g. Hovenkamp 1990) as well 
as the likelihood of finding starving larvae in the sea. 
However, if slow-swimming larvae are indeed depen- 
dent on tide- or wind-generated turbulence for increas- 
ing their encounter rates with prey, then temporal and 
spatial changes in tidal circulation and wind speeds 
could result in intermittent periods of reduced feeding 

and growth rates ( e .g .  Buckley & Lough 1987, Hoven- 
kamp 1990, see also Rothschild & Osborn 1988). Such 
changes could occur if (1) winds slacken, which would 
reduce turbulent motions that otherwise increase con- 
tact rates; (2) winds increase by so much that larvae are 
mixed into, or actively swim towards, depths where light 
intensities reduce the ability of larvae to see their prey; 
or (3) larvae are physically displaced by whatever 
means from 'geographically stable physical oceano- 
graphic systems' (Sinclair 1988, p. 37-38) and subse- 
quently experience conditions where reduced turbu- 
lence results in lower prey encounter rates than those 
prevailing prior to displacement. 

Reports of periods of intermittently poor larval 
growth linked to low prey numbers are relatively rare 
(e.g. Sinclair 1988, p.  137; MacKenzie et  al. 1990). This 
may reflect difficulties in accurately estimating growth 
rates and larval prey abundance simultaneously. In any 
case, periods of reduced growth will protract the larval 
period (Houde & Schekter 1981, Chambers & Leggett 
1987) and increase the time that larvae are exposed to 
relatively high mortality (Folkvord & Hunter 1986). In 
addition, the weakened condition of slow-growing lar- 
vae may make them more vulnerable to some predators 
(Bailey & Houde 1989). 

A cautionary note 

Our interest in this paper has been to explore quan- 
titatively the potential influence of small-scale turbu- 
lence on encounter rates between fish larvae and their 
prey. The empirical wind-induced turbulence model 
developed for this purpose represents a first-order 
description of the variability in small-scale turbulence 
in nature. It should be  remembered also that turbu- 
lence it itself patchily distributed and highly intermit- 
tent (Gezentsvey 1985, Lazier & Mann 1989, Yamazaki 
& Lueck 1990), and that all of our reported results 
represent average values for contact rate. A sensitivity 
analysis of Eq. (1) showed that the 95 % confidence 
limits of a wind-induced turbulence estimate deviate 
by a factor of ca 10 from predicted values of E. How- 
ever, contact rates derived using these 95 % confidence 
limits for i. vary only by a factor of ca 3 (Fig. 6). This 
range approximates the range of biases in estimates of 
in situ larval food resources when determined by inte- 
grative sampling methods which fail to account for 
microscale plankton patchiness (Owen 1989). 

Moreover, the contact rates we report are based on 
either wind- or tide-generated turbulence. In frontal 
regions, these effects could interact in a n  additive way. 
In addition, coastal upwelling (Csanady 1989), break- 
ing internal waves, fish schools (Farmer et  al. 1987) and 
other processes (Monin & Ozmidov 1985, Oakey 1985) 
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can produce turbulence in nature which may, in local 
areas, also influence encounter rates. 

It is important, therefore, that more precise models 
be  developed with which to predict the dissipation rate 
of turbulent hnet ic  energy, given the apparent import- 
ance of small-scale turbulence to plankton ecology. For 
example, coincident reporting of water column stratifi- 
cation and vertical turbulence profiles, together with 
wind field records over the sampling interval, could 
significantly reduce the residual variance associated 
with Eq. (1) (Lueck et al. 1983, Oakey 1985, Rothschild 
& Osborn 1990, Yamazaki 1990). It should be noted, 
too, that turbulence measurements in the upper mixed 
layer, including those used in developing Eq. (l), some- 
times depart from a lognormal distribution (Yamazaki 
& Lueck 1990, Yamazaki et  al. 1990). This factor should 
be  considered in the development of future models. 

Our results do, however, clearly illustrate the impor- 
tance of turbulent energy to feeding rates in the plank- 
ton, and provide quantified estimates of the relative 
differences in contact rate that turbulent energy inputs 
can create in nature. They also provide insights into 
where in the vertical (wind) and  horizontal (tidal) 
dimensions such increases are most likely to occur. 
Finally they clearly highlight some of the consequences 
of fluctuating turbulence levels on the rates of contact 
between fish larvae and their prey, and indeed, 
between zooplankton generally and their prey, and of 
the failure to incorporate knowledge of these effects 
into analyses of plankton dynamics. These results, and 
the models from which they are derived, can also aid in 
the interpretation of in situ larval growth and feeding 
rates when estimates of prey abundance and turbu- 
lance, or at  least measures of the wind or tidal velocity 
which generate this turbulence, are available. 

Fig. 6. Sensitivity analysis of the influence of 
turbulence Ievels estimated from Eq. (1) on con- 
tact rates between larval f ~ s h  and t h e ~ r  zoo- 
plankton prey. The wind input used in this 
analysis is the mean value of log (w3) (2.468; W 
= 6.6 m S-') in our data set. The indicator vari- 
able for the sampling site was given a value of 1, 
which represents a coastal habitat. (A) Average 
dissipation rate of wind-induced turbulent kine- 
tic energy as a function of depth. Dashed lines 
represent 95 O/O confidence limits calculated 
from Eq. (8) in Peters & Downing (1984). (B) 
Contact rates for fish larvae and zooplankton 
prey for the turbulence levels shown in (A). 
Larval swimming speed is 0.20 cm S-' and prey 
swimming speed is 0.02 cm S-' Prey density is 
5 1-' Note that the 95 % confidence limits for 
turbulent dissipation rate vary by a factor > 10, 
but that the conficence llmits of contact rates 
derived using these confidence limits vary by a 

factor of ca 3 
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