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Abstract

The influence of turbulence (turbulent kinetic energy dissipation) on predator-prey interactions in zoo-
plankton is discussed with respect to the combined effect of the choice of the turbulent length scale, and size
and velocity of predator and prey concentration on the encounter rate. The significance of correct scaling
to the turbulent encounter velocity is demonstrated, with three different definitions being considered: the
average prey separation, the Kolmogorov scale, and the predator’s reactive distance. Numerical investiga-
tions using these different definitions of scale were carried out to find the convergence conditions and the
behaviour of the scale values for 5-10 mm fish larvae which feed off copepod nauplii in the 10*-10° m?
concentration range. The choice of the turbulent length scale is not important for small predator body sizes
<5mm and high prey concentrations in the 107-10®m™ range, which are reasonable prey densities for a 1-3
mm copepod (i.e. algae and protozoans). Also in the quasi-laminar regime of water flow (/=2z7) and high
prey concentrations, the choice of correct scaling is not important. Predators of any body size will forage in
such a regime immovably (swimming velocity v = 0). However, for large larval lengths >10 mm and prey
concentrations <10°m, the scale can be defined as the average prey separation or as the predator’s reactive
distance. The effect of turbulence on the encounter rate decreases with the increasing size and velocity of
the predator and with prey concentration. A simple one-dimensional prey-predator ecosystem model in the
upper mixed layer is presented, which examines the relative importance of turbulence to growth in plank-
tonic consumers. This effect is less for low prey densities <10*m?, when the initial predator biomass and
constant growth rate term have a decisive influence. However, the effect of turbulence on the characteristics
investigated increases with rising prey density, in which case the controlling factor is encounter rate and in
the case of prey concentration, diurnal migration.
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Introduction

The influence of small-scale turbulence on preda-
tor-prey interactions in plankton has received a great
deal of attention in recent years. The intensive, world-
wide research efforts of the 1980s and 1990s provided
incontrovertible evidence that the growth of predators -
from larval fish to herbivorous copepods — is dependent
on small-scale turbulent mixing. Much of this research
stems from the work of [1], who suggested that small-
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scale turbulence increases planktonic predator-prey con-
tact rates because turbulent fluid motion increases the
velocity difference between predators and their prey.
Whereupon many papers appeared on the positive influ-
ences of turbulence on predator-prey encounters and the
potential negative influences of turbulence on organism
behaviour [2, 3]. In any case, the modeling of encounter
rates and predator growth assumed that both zooplankton
and phytoplankton distributions were random in space
and time [e.g. 4, 5, 6, 7, 8], because small-scale turbu-
lent process were regarded as homogenizing factors. [1]
assumed a simple model in which behaviour of both prey
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and predator is defined using linear swimming. There-
fore, in some cases the [1] formula can be unrealistic (but
not necessarily) because predators’ perception fields are
spherical [9]. Subsequent modeling exercises have incor-
porated ‘random walk’ types of behaviour. These latter
attempts [10, 11] were again purely theoretical, not ap-
plied to any real predators, and very difficult for the non-
mathematician to understand, apply and test. The effect
of turbulence on encounter rates for predators and prey
with other behavioural patterns (e.g. ambush predators
and suspension feeders which generate feeding currents)
was examined by [7]. They formulated simple and gen-
eral models of prey encounter rates, taking into account
the behaviours and motility patterns of both prey and
predator as well as turbulent fluid motion. Using these
models they determined the levels of turbulence (as the
dissipation rate) at which ambient fluid motion is impor-
tant in enhancing prey encounter rates for various types
of predators (e.g. ambush and cruise predators, suspen-
sion feeders). Generally, turbulence has the largest effect
on prey encounters for predators with low motility and
long reaction distances. In addition, turbulence is most
important for meso-sized (mm to cm) predators but is in-
significant for smaller and larger predators. Turbulence
is widely recognized as enhancing contact rates between
planktonic predators and their prey [12]. Their concep-
tual approach is somewhat similar to that of [7]. [12]
evaluated the effect of intermittent turbulence and the
potential effects of zooplankton behavioural responses to
small-scale phytoplankton patchiness on predator-prey
encounter rates. Their results indicate that the effects of
turbulence on encounter rates is about 35% less impor-
tant when intermittently fluctuating turbulent dissipation
rates are considered instead of a mean dissipation value.

On the basis of a series of models, [5] examined the
relative importance of small-scale patchiness and turbu-
lence to growth and recruitment in plankton consumers.
By considering the predator swimming diffusion in their
models, they demonstrated that, at intermediate levels,
physical turbulence causes patch dissipation and reduced
growth, whereas at higher levels it causes growth to be
restored to the original, low-turbulence values as a result
of increased encounter velocities. Using empirical model
simulations, [6] evaluated the contribution of wind- and
tide-induced small-scale turbulence on encounter rates
between larval fish and copepod nauplii. Prey concentra-
tion in relation to larval fish swimming speeds were im-
portant parameters in encounter rates. They found that the
frequency of contacts between larval fish and their prey
could be underestimated by one order of magnitude, if one
failed to consider the influence of small-scale turbulence
when the prey concentration was less than 35 prey 1. Nei-
ther [4] nor [6] took into consideration either the vertical
profile of the turbulent intensity through and below the
pycnocline, or the decrease in tidally generated turbulence
away from the bottom. However, the vertical profile of
turbulence intensity and its potential effect on encounter
rates could be important in understanding the influence of

turbulence on larval fish feeding. [13] examined the rela-
tionship between larval cod and haddock feeding success
and turbulent dissipation in a stratified water column. Ob-
served feeding ratios for three size classes of larvae were
compared with estimated ingestion rates using the [1]
predator-prey encounter rate model. Feeding ratios were
relatively low in the early morning following darkness,
when the wind speed was low, but increased by a factor
of 12-13 by noon and evening, when the wind speed dou-
bled. Comparison of depth-specific feeding ratios with es-
timated ingestion rates, derived from turbulence-affected
contact rates, were generally reasonable after allowing for
an average gut evacuation time (4h), and in many cases
the observed and estimated values had similar profiles.
All the models of turbulence encounter rates (including
[1] equation) assume that on planktonic encounter scales
the turbulence is homogeneous and isotropic. [1] results
only pertain to encounter rates, not capture rates; hence
one can only derive estimates for ingestion rates.

In short, we can no longer investigate the environmen-
tal conditions governing the behaviour of plankton with-
out taking into account the fact that their life processes are
affected to a considerable extent by the turbulent mixing
that homogenizes the uniform fine structure layers.

In this paper I address two main aspects of this con-
tinuing debate. Firstly I present a detailed analysis of
the combined effect of the choice of the turbulent length
scale, predator size and velocity, and prey concentration
with respect to turbulence on the prey-predator encoun-
ter rate and, therefore, the predator growth rate. It is im-
portant to investigate and identify the critical factors in
mathematical models of pelagic communities, since zoo-
plankton may play a significant role in marine ecosys-
tems as a top-down regulator. Secondly, I present a simple
one-dimensional prey-predator ecosystem model, which
shows that turbulence either enhances or reduces predator
growth rates depending on its strength. This mathematical
model has been used to make a numerical investigation of
vertical distributions of predator biomass and prey con-
centration in the upper homogeneous layer of the sea. The
encounter rate is explained in section 2, the prey-predator
model is described in section 3, whereas the data from
the simulations are presented in section 4, before they are
finally discussed in section 5.

Definition of Encounter Rate

In the ocean the encounter rate is governed by two
kinds of processes - behavioural, £, and hydrodynamic
processes resulting from water movements. The first con-
dition emerges from the ability to perform autonomous
movements (swimming). The second one can be divided
into the processes of floating and turbulent mixing, af-
fecting not only aggregation processes but also the speed
of the predator’s movement with respect to its prey. If we
denote this influence by £, we can write: £ = E,_ + E_[7,
12]. The behavioural encounter rate, £, is usually taken
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to be that proposed by [14], under the assumption that the
speed of the predator, v, exceeds that of the prey, u:

ut +3?

E, = ﬂZsz[
3v

] for v>u (1)

where d is the predator’s contact radius (i.e. the maximum
distance at which the predator can perceive prey), and Z,
is the prey concentration. On the other hand, the encoun-
ter rate due to turbulence £, was expressed by [1]:

ET =7TZpd2W, (2)

where w is the linear orbital velocity of turbulent eddies
(the turbulent velocity).

[1] suggested that small-scale turbulent motions could
also increase behavioural predator-prey contact rates. In
essence, they proposed that the relative velocity term of
the original [14] model be revised to include a contribu-
tion to the relative motion of predator and prey made by
microscale turbulence. They accomplished this by rewrit-
ing V= (u’+3v?)/3v as the relative velocity component of
a larval fish to its prey:

_ u? + 307 +4w?

v 05 A3)
3(v2 +w2) )

Hence, the encounter rate, between predator and prey,
E, can be derived from the equation:

2 2 2
_ ,u”+3vT +4w
E=nZ,d YT (v2+w2)0‘5 @)

[10] suggested a revision of the [1] formulation in
order to prevent a breach of [14] original assumption of a
uniform predator speed distribution. Evans’s formulation
is: V=(u?+v*+2w?)%°, Evans reported that the two formu-
lations differ by only 6% when u=v.

Eq. (1) assumes that the predator is swimming and
searching for food continuously. However, fish larvae,
and most other cruise predators, allocate their time during
the day to searching and non-searching activities (Table
1 in paper [15]). As a consequence, if Eq. (1) is used to
calculate daily encounter rates, it will give biased results,
unless the fraction of time spent searching is included
in the calculation. [15] obtained the encounter rate for a
pause-travel predator as:

E=nZ,d’ f(2/3R+1.41tw) )

where f and 7 are the pause frequency and pause dura-
tion, respectively. Note that in a pause-travel predator, the
encounter rate is independent of the swimming velocity.
According to [7], the relevant velocity is that immediately
before contact; i.e. d = r,+r, [10]. Inserting the expres-

sions for turbulent velocity and setting v = 10° m’s’!
yields [7]:

for d<n
for d>n

E =42nZ,¢ O‘i/grﬁrz)j .
E, =137nZ,e" (r+r)

where r, is the radius of the capture volume (i.e. the vol-
ume swept by the copepod’s food collecting appendages),
r, is the prey radius.

[16] determined the perception distance, d, for
larval haddock as a function of body length, d , to be
2/3m(0.75d )>. However, [17] determined values of
d equal to /.1d , and the high estimate of swimming
speed as: log v (cm s') = 1.07 log d (mm) -1.11. A
predator’s reactive distance depends on its prey percep-
tion capabilities; be it strength of its eyesight for larval
fish, or the sensitivity of its sensory satae to hydrome-
chanical signals for copepods after [18]. Components
of foraging behaviour for different species of larval
fishes employing either pause-travel (PT) or cruise (C)
search behaviour (i.e. reactive distance, d, swimming
activity: percentage of total observation time spent
swimming; swimming velocity: swimming speed dur-
ing individual swimming events, v) are given in Table
1 in [15] paper. [15] obtained the reactive distance d
(cm) and swimming velocity v (cm s) for cruise and
pause-travel fish larval predators as functions of larval
lengths d (cm).

The regressions are:

pause-travel predators
logd =-0.163 +0.717logd , logv =-0.050 + 0.26 log d,

cruise predator
logd =-0.73 +0.9311logd , logv = 0.054 + 1.461 log d,

The turbulent velocity, w, also called turbulent en-
counter velocity and encounter velocity below, was pa-
rameterized by [1] as:

1/3

w=1.9(¢!) (6)
where ¢ is the dissipation rate of turbulent kinetic energy
and / is the characteristic length scale of turbulent ed-
dies. Because the water motion differs below and above
the Kolmogorov length scale we should consider 7
(n = (v 3/&)"%, where v is the kinematic viscosity, c. 10
m?s) describing viscous effects smoothing out turbulent
fluctuations. The equations relating turbulent velocity w
and ¢ are also different. Thus the encounter rates due to tur-
bulence should be different. The velocity differences due to
fluid motion between two points separated by distance / is:

for/ <#n (19)
for /> 7 (20)

w=0.42 (/)"
w=1.37(l)"”

where (¢/v)’7 is the sub-Kolmogorov scale fluid shear
rate. [21] have shown that Eq. (6) is valid considerably
below 1 (I <<7).
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However, there has been much debate in the literature
regarding the correct definition of /.

Most often, / has been defined as average prey separa-
tion [2, 4, 6, 22, 23, 24]. This distance can be estimated
as 0.55 Z,'7, if one assumes that the prey is randomly
distributed [25] and as Z,"*[13]. From this evaluation the
maximum separation distance between predator and prey
is equal to~/3 /27", [26] suggested that / may be defined
as the Kolmogorov scale (I = 2z7), whereas [5] assumed
it to be equal to the eddy separation distance (/= 0.1 m).
Most recently, several authors have suggested that / should
be defined as the predator’s reactive distance (I = d) [2, 7,
10, 12, 15, 27]. Encounters occur between predators and
prey, so the distance must be concerned with the separa-
tion between these two distinct micro-organisms, whereas
average prey separation does not depend on the predator
after [28]. [29] experimentally shows that predator-prey
encounters scale as d”?, which can only come about if /=d
in Eq. (6). It is interesting to consider the consequences of
using the different values of / in this paper. An example
may illustrate the significance of the choice of the length
scale (see section 4).

In this paper, the turbulent encounter velocity is given
by the expression Eq. (6) of [1], where the relation of the
mean rate of energy dissipation, &, at depth z to wind

speed, U, in the upper homogeneous layer of the sea is
taken from [3]:
3
£=5282 xlO’(’ﬁ (7
z

Here, the energy dissipation given by Eq. (7) is used for
z > 1/3 H, where Hy is the significant wave height. How-
ever, for z < 1/3 H, ¢ is constant according to [30]. The
significant wave height is a function of wind speed [31]:

2 0.5
H,=1.6x 102 Yo [%]
g Ul (3

Where g=9.81 ms? and X is the wind fetch. Assuming
X =100 km we obtain H, = 0.8 m for U, =5 ms", H =
1.62 m for U, =10 ms", H,=2.42 m for U,, =15 ms" and
H =323 m for U,=20 ms™.

Dissipation increases as a cubic function of wind
speed and decreases with increasing depth, while the tur-
bulent velocity increases only as the cube root of ¢. In
the upper part of the surface mixed layer, ¢ reaches large
values (&=17.46 x 10” U, */H, for z<1/3H), which falls
substantially with depth according to Eq. (7) for z>1/3H,;
however, in the lower layer, this decrease gradually de-
clines (Fig. 1).

Changes in the Zooplankton Concentration Field
The application of turbulent diffusion equations to

the modeling of concentrations of herbivorous zoo-
plankton, which in turn are fed upon by larval fish and

carnivorous Copepoda, is a task more complex than the
modeling of the hydrodynamically passive phytoplank-
ton. Considering the minute sizes of this zooplankton,
we can assume, without committing too serious an er-
ror, that turbulent mixing affects ambush-type micro-
zooplankton in the same way as phytoplankton. How-
ever, when modeling zooplankton with a cruise-type
behaviour, this assumption has to be rejected, because
this zooplankton is capable of active movement. Re-
lations between predator and prey are more complex
and the foraging process as a component of the source
function cannot be defined in the same way as that of
phytoplankton, because the principal factor governing
it is the encounter rate.

A simple 1D prey-predator model which examines the
relative importance of turbulence to growth in planktonic
consumers is presented here. Horizontal homogeneity is
assumed with the consequence that all horizontal gradi-
ents (advective terms) vanish. Fundamental to the present
modeling study is the assumption of an absolutely stable
vertical distribution of the average sea water density.
This means that the mean density and salinity of the wa-
ter increases and the mean temperature falls with depth.
Therefore, the hydrodynamic state of mass transfer and
exchange in the various intervals of a stably stratified den-
sity distribution can be defined by the vertical distribution
of the square of the Viisélda-Brunt frequency.

This mathematical model on which the numerical
simulations in the upper homogeneous layer are based,
consists of equations for mass (here mass=weight in
ugC), W,, numbers, Z, of a herbivorous copepods at one
specific development stage (nauplii); where prey biomass
Z=XWZ,[32,33] and predator biomass, B:

o
=ING-FEC-MET 9
ot
106'x'x'x'x'x'x'x'x'x'
Up= 5ms”
,,,,,, Up=10ms"
' — —Uj=15ms"
10° F — = Up=20ms" 3

e(m’s” x107)

depth z (m)

Fig. 1. Turbulent kinetic energy dissipation rate, ¢, as a function
of depth, z, at four values of wind velocity: U,, =5, 10, 15 and
20m s
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If W is the mass of the naupliar stage at which feeding
starts and W is the mass of the adult, then for each cohort
relations of the form EGG =f(Phyt,Z ,W /W ) indicate the
requirements for some function definingrecruitment EGG
in terms of food available Phyt, adult numbers Z and the
ratio of adult to naupliar mass (see Appendix 1). Eq. (9)
determines the change in mass as the sum of gains (in-
gestion, ING) and losses (zooplankton fecal pellets, FEC
and metabolism, MET) of energy. Eq. (10) represents the
effects of turbulent diffusion, K, diurnal migration, MIG,
and predation, PRED,, on prey concentration, assuming
that all death is due to predation. The processes influenc-
ing the source/sink terms (i.e. ING, FEC, and MET) are
given in Appendix 1 and a detailed description is pre-
sented in [32, 33]. The migration process is described in a
day-night cycle as MIG =f{t,z) 0Z /0z, and f(t,z) =1+ a
cos(w (t—t ) )h(z) is a time and space varying vertical mi-
gration velocity, where a_ is the relative amplitude of zoo-
plankton concentration changes, ¢ is the time in which
the maximum zooplankton concentration occurs (see
Table 1) and w =2z / T (7=24 h) and A(z) is the vertical
distribution of zooplankton. PRED, represents the losses
incurred by Z, as a result of predation. Its magnitude can
be determined from the biomass of predator B on the as-
sumption that the loss incurred by prey concentration Z, is
proportional to the increase in the predator biomass (here
PRED,=a g B/W,; where g is the predator growth rate and
assumed 0=5/4; this means that 80% of ingested food is
contributed to predator growth and 20% is voided as fe-
cal pellets and excreted material which is assumed to be
lost immediately). The predation term in Eq. (10) depends
inversely on W,; it is harder for the predators to capture
the larger forms of nauplii. Such defined PRED, includes
food (prey) selection. PRED,, is predation by higher-or-
der species. The predator growth rate, g, when predator
is food limited, is linearly related to the encounter rate,
E, by [5]:

g=gk+g,  forZ<Z (12)
8= & for 222,

where g, is the proportionality parameter between
growth rate and encounter rate and g, is the constant
growth rate term. Increased encounter rate only leads to
increased growth when the predator is food limited and
then the first term of Eq. (12), g,, has decisive influence
on growth rate; if the mean time between prey encounter
becomes small, the predator growth rate becomes limited
not by prey availability (E is greater than 1 s and is un-

likely to lead to an increased ingestion rate and then g, is
constant), but by parameter g, and then the predominant
influence has g, and g— g . In this paper parameters g,
and g, are considered as constants and are chosen such
that the growth rate lies in the range 0 < g < g . Physical
diffusivity, K, in the ocean pycnocline is related to surface
wind speed, U, through the turbulent kinetic energy dis-

sipation rate, € by [35]:
K(z)=TeN7(z) (13)

where N is the Viiséla-Brunt parameter and is com-
puted according to the vertical structure of the water col-
umn and I is an efficiency coefficient taking various val-
ues: according to [36], I' = 0.2, and according to Osborn
himself [36]. This estimate may be transformed to the
simple relation P,/e = 0.2 giving e,= 5.8 and is equivalent
to Ri*=0.152; where P, = K(g/p )Op/0z is the buoyancy
production, Ri* is the steady-state Richardson number and
e, is an empirical constant for the extended & - ¢ model
by [37].

Results of Numerical Investigations

The combined effect of turbulence (the dissipation
rate), the choice of the turbulent length scale, and the
size and velocity of predator and prey concentrations
on the variability of the processes investigated (i.e. the
turbulent, predator-prey encounter rate and predator
growth), was analyzed in the upper mixed layer (Gdansk
Deep), where 20 m is above pycnocline except summer
months [38]. The stability of the water column expressed
as buoyancy frequency squared N ? is in the time ca. 10
-10°s 2,

The calculations were carried out for three different /:
case 1: [ =~/3/27,"*for Z,=10% 5x10% and 10°m?
where Z, is the prey concentration, because 5-10 mm fish
larvae feed on copepods (10-100 I");

case 2: [ = d for larval lengths d = 5.5, 7.5 and 9.5 mm,
where d is the predator’s reactive distance, and here, d is
obtained after [16]. These larval lengths are characteristic
mainly of the size of saltwater fish (see Table 1 in [15]
paper);

case 3: [ = gn for g=1, 3, 6 and 9 where 1 is the Kolmogo-
rov length scale.

Encounter Velocity

The influence of the characteristic length scale, /, on
the variability of the encounter velocity, w, as a function
of wind speed, U, was studied and for correctness of
analysis and clarity of figures, the calculations are pre-
sented for two values of the depth: for the top (z =1 m)
and bottom (z = 20 m) of the surface mixed layer, know-

ing that w falls with depth according to .



248

Dzierzbicka-Glowacka L.

The turbulent encounter velocity, w, decreases as the
cube root of depth and increases linearly with wind speed
and as the cube root of the length scale /. In case 1 (Fig.
2A) w, in the 0 — 20 ms™! wind speed range, increases from
0to c.23x10° ms™ and to 18x10* ms™' for Z,= 10*mand
105 m3, respectively, for z =1 m; however, for z =20 m,
the value of w decreases about three times. In cases 2 and
3 the scale /is independent of prey density, w assumes
values lower than in case 1.

And so, in case 2 (Fig. 2B), w is reduced by about 30%
with respect to case 1. However, in case 3 (Fig. 2C), when /
is defined as the Kolmogorov scale, w takes the lowest val-
ues and is reduced by about 50%. Comparing the turbulent
velocity for different choices of the scale /, the results show
that for ¢ = 6 when / = f{7) (case 3) and for d =5.5mm when
[ =f(d) (case 2), w assumes values of around 11x10°ms™.
The calculations also suggest that for small larval lengths
d <5 mm an high prey concentrations Z,> 10”m" the en-
counter velocity will assume low values in all cases, as in
case 3 for ¢ <9. Prey concentrations in the 10*-10° 1" are
reasonable densities for prey of a 1-3 mm copepod (i.e. al-
gae and protozoans). However, for large larval & > 10 mm
and for low prey concentrations, Z,< 10*m>, w will as-
sume high values in the same range in cases 1 and 2. These
larval lengths (d, > 10 mm) are characteristic mainly of the
small sizes of freshwater species (see Table 1 in [15] paper).
The results of the calculations suggest that for high Z, the
water flow becomes quasi-laminar and predator foraging
occurs in the stationary regime with a swimming velocity
equal to zero, while for low Z, predator foraging depends
significantly on the swimming velocity and encounter rate.

Encounter Rate

Let us now examine the combined effects of prey con-
centration, turbulent velocity, and larval length and veloc-
ity on the encounter rate, £. The following assumptions
were made in the calculations:

1. Ahigh and low estimate of swimming speed was used
for the three size classes of larval fish (predator), i.e.
5-6 mm, 7-8 and 9-10 mm;

2. The low estimate, v, ., was based on a laboratory study
of cod larvae by (39), where larvae increased their speed
from 0.10 cms™! for the 5-6 mm size class, to 0.16 cms™!
for the 7-8 mm and 0.24 cms™ for 9-10 mm fish;

3. The high estimate of swimming speed, v, , was de-
rived by (17);

4. The swimming speed of prey was based on the esti-
mate of (4), who used an average speed of 0.5 body
length for Calanus finmarchicus nauplii. The mean
length of prey estimated from gut contents in this
study increased from about 0.2 mm for the 5-6 mm
size class, to 0.3mm for the 7-8 mm, and 0.4 mm for
the 9-10 mm fish, corresponding to a prey swimming
speed, u, 0f 0.010, 0.014 and 0.020 cms™;

5. The perception distance for larval fishes was based on
the estimate by [16].

The encounter rate, £, as a function of wind speed in
the range 0 — 20 ms™! was obtained for the given three larval
lengths. The calculations are presented for the upper part of
the surface mixed layer (z =1 m) when £ attains the high-
est values, which fall with depth according to dissipation by
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Fig. 2. Turbulent encounter velocity, w, as a function of wind
velocity, U, for different spatial scales: [ = \/5/22;”3 A),
[ =d (B)and /= gn (C). The calculations are presented at the
upper (z = 1 m - black line) and lower (z =20 m - grey line) of
the surface layer of sea.
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turbulent velocity. In all cases, in the lower layer (z =20 m),
E is reduced by about 75%. The results of numerical investi-
gations demonstrate the predominant influence of the choice
of the turbulent length scale on the encounter rate. Hence,
an increase in larval size and prey concentration causes an
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Fig. 3. Encounter rate, E, as a function of wind velocity, U,
for different spatial scales, /, and for different larval lengths d
=55 mm (A), 7.5 mm (B) and 9.5 mm (C). The calculations
are presented for prey concentration z= 10°m™ at the surface

(z=1m).

increase in the encounter rate. Fig. 3 shows, for a given prey
density (Z, = 10°m™), the encounter rate, £, when [ = d, for
the three sizes of larval fish lies in the range E<E, <E, ie.
between E, when [ = f{7) and E, when !/ = f(Z ). For small
larval sizes £, = E ; however, for large ones £, < E o~

Fig. 4A shows, the influence of the predator velocity,
v, on the encounter rate, £, as a function of the turbulent
velocity, w, in the 0-0.016 ms™! range, under the assump-
tion that optimal predator velocities are equivalent to the
given three larval lengths. This influence increases with
decreasing turbulent velocity.

The range of variability of E is considerably higher
forv . than forv_ . For a high turbulent velocity, £ inde-
pendent of predator velocity, i.e. £ assumes values similar
for an optimal v. However, for a low one, £ is much less
for v . than forv_ and the difference between E|, . and
E, increases with decreasing larval size.

Vma:
In this paper, a normalized encounter rate, E/E

(i.e. encounter rate, E, to behavioural encounter rate[jl;iz
= E for U, =0, ratio) in the 0 — 20 ms' wind speed range
also was obtained for the analysis of the effect of turbu-
lence on E. The E/E | ratio describes how many times
E=E_+E_increases in relation to £, with wind speed. The
calculations demonstrate (see Fig. 5) that a decline in d,
causes an increase in the effect of turbulence on the en-
counter rate. When / is defined as the predator’s reactive
distance /=d=f(d ), the decrease in E/E, , with increas-
ing d_is linear (i.e. for U, = 20 ms", E/E,, , =3, 2.75
and 2.5 ford = 5.5, 7.5 and 9.5 m, respectively). How-
ever, in other cases, this decrease is logarithmic, i.e. for
larger and larger larval sizes it grows less. The normal-
ized encounter rate assumes comparable values when / =
d and [=2mn for d =5.5mm and when /=d for d = 10 mm
and /=f(Z,) for Z,=10°m>. Fig. 5B shows, for a defined
larval size, E/E,,, , is constant when /=f{y) and I=f{d ),
but when /=f{(Z), this ratio decreases with increasing Z,.
In this situation, the intensity of the effect of turbulence
on the encounter rate does not change when /=f{) and
[=f{d ); however, when [=f(Z,), any increase in the prey
density, Z,, causes this influence to decline.

Analysis of this process shows that the intensity of
the effect of turbulence through the turbulent veloc-
ity on the encounter rate depends to a high degree on
predator velocity. Fig. 4B shows that this intensity con-
siderably increases with decreasing predator velocity
and larval size; for w=0.016 ms”, and d =5.5 mm for
v, the normalized encounter rate is equal to ca. 20,
i.e. the encounter rate is ca. 20 times higher than the

behavioural encounter rate.

Vmin

Predator Growth Rate

Given the relationships in sections 1 and 2 for physi-
cally dependent growth and diffusion, we can explore the
effects of wind mixing and prey concentrations on the
predator growth rate. At first we consider the case of a
steady wind at various velocities and examine predator
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growth with different initial prey concentrations and for

optimal predator velocities. Then we shall examine the

case of variable winds, i.e. time-dependent distributions.

The following assumptions were made in the calculation:

Mysis mixta for earlier stages was used as predator;

2. Maximum growth rate of 0.5-1.5 mg_  size class of
Myssis mixta was given by [40] as 0.071 d"'; here as-
sumed that mean mass of predator is equal to c. 160
ugC and mean length is equal to & = 7.5 mm;

3. Growth parameters g, and g, were chosen such that the
growth rate ranges from 0.0 - 0.071 d! (see Table 1);

4. The youngest stages - nauplii of four genera Pseudo-
calanus, Acartia, Centropages and Temora, were used
as prey and its mean mass is ca. 0.9 pgC;

5. Growth rates were given by [41] and [42, 43]; here
assumed that mean maximum growth rate of prey is
ca. 0.08 pgC d;

6. Here considered the high level of phytoplankton bio-
mass in the spring bloom time, which does not influ-
ence the growth rate of copepods, i.e the function
Sil({Phyt}) — fin Eq. (15) because the expression
({Phyt}-{Phyt }))/({Phyt}~{Phyt }+k, ) — 1 (see [33]);
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Fig. 4. Encounter rate, £, (A) and normalized encounter rate,
E/E,_,, as a function of turbulent encounter velocity, w, for two
values of predator velocity, v_. (grey line) and v___(black line). The

calculations are presented for the three size classes of larval fishes
d =5.5,7.5 and 9.5 mm and for prey concentration Z,= 10°m".

7. During the numerical experiment (two days in the
spring bloom time), growth rate of prey as a function
of time and depth is constant and in this situation, the
time-vertical changes in prey biomass are caused by
prey density; therefore in this case prey concentration
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Fig. 5. Normalized encounter rate, E/E,,, ,, as a function of
wind velocity, U, , for different spatial scales, /, and for different
larval lengths d = 5.5 mm (A), 7.5 mm (B) and 9.5 mm (C). The
calculations are presented for prey concentration Z,= 10°m- and

in case 2 also for Z,= 10*m™ at the surface (z=1m).
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is presented in Figs 8, 10 and 11;

8. The function describing a vertical distribution of
zooplankton was assumed as 4(z) = - 0.003 z + 0.03,
where h(z) shows slight vertical changes because phy-
toplankton biomass is high in the spring bloom time
insignificantly differs in the 20 m water column;

9. During this numerical experiment (two days), egg pro-
duction and predation by higher-order species were
not considered.

The model was dimensionalized for an optimal preda-
tor velocity, three different prey concentrations Z,= 10%,
5x10* and 10°m™ and initial value of predator biomass B
=800 pugCm=.

In this paper the characteristic length scale / in the tur-
bulent velocity (Eq. 5) is defined as the predator’s relative
distance; i.e. /=d in the equation for the encounter rate. d
is here obtained after [16] and is equal to about 0.66 cm.

With these parameter values, for three prey concen-
trations and increasing turbulence (with wind speed up
18 ms™), Fig. 6. shows the growth rate increases for v__
from 0.023 to 0.025,from 0.029 to 0.041, and from 0.037
to 0.061 d' and for v_. from 0.022 to 0.025, from 0.023
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Fig. 6. Predator growth rate, g, as a function of wind speed, U,

"
for three different prey concentrations: 104, 5x10¢, and 10° m?,
and for optimal predator velocities, v (black line) and v_,_

(grey line) at the upper (z = 1 m) and lower (z = 20 m) of the
surface layer of sea.

Table 1. Dynamic constants in the model.

Symbol Numerical value Unit References
k,,hyt 100 mgC m? 33

{Phyt}, 10 mgC m? 33

n, 0.33 47

n, 0.33 47

a, 0.6 49

¢ 3.25am. h 49

g 10°¢

g, 0.02 d!

T 1

to 0.039, and from 0.025 to 0.057 d*! for zZ= 104, 5x10*
and 10°m, respectively, in the upper layer (z=1m). How-
ever, in the lower layer (z=20 m), the growth rate increas-
es more slowly with wind speed for v__ to 0.023, 0.032
and 0.042, for v_ to 0.022, 0.028 and 0.035 d' for Z,=
104, 5x10%and 10°m™, respectively.

The calculations made here show significant changes
in predator growth in relation to prey concentration. A de-
crease in food concentration retards the predator growth
rate, thus the predator velocity has a greater impact on
growth rate as prey concentration increases. Knowing
the value of g, for Z, we can compute g, for any value
of Z, by: g, = (g, - &.,)2,/Z,+g, and obviously for a
given body size d , predator velocity v, and wind speed
U, assuming that / = d.

The time-dependent solution with varying wind (Fig.
7A) reflects the results of the steady wind case. With vari-
able winds from 0.1-18 ms™ assuming an increase and
then a decrease in wind speed during 2 days, physical dif-
fusivity is greatest at maximal wind speeds and lowest at
minimal wind speeds (Fig. 7B) and in this paper was ob-
tained by Eq. (12) assuming N? = 0.001 s, it is conform-
able to the vertical structure of the upper layer in Gdansk
Deep in the spring. K reaches values about one order of
magnitude larger in the upper mixed layer (z =1 m) than
in the lower one (z = 20 m). The encounter velocity, w,
(Fig. 7C) ranges from 0 to 0.012 ms™ for z = 1m (black
line) and to 0.004 ms™ for z =20 m (grey line), because
w decreases as the cube root of depth while K decreases
linearly. In this case, for Z,= 10°m~ encounter rate lies in
the range from 0.152 to 0.44 s'for z=1mand decreases
with depth; however, for Z,= 10*m?, £ is order lower.

In the time-dependent case, the predator growth rate, g,
for high wind speeds is high relative to the substantial increase
in turbulent encounter velocity (Fig. 8A and B). When the
predator is food limited, an increase in predator growth rate is
caused mainly by an increase in encounter rate and then, for
Z,=10°m’, gE>g, and g—g__for strong winds, but for
weak ones g £~ g however, for Z,=10'm?, g Exg E, <<
g, and g= g, (see Fig. 8A and B). The results indicate that any
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increase in prey concentration causes the predator growth rate
to rise considerably in the upper mixed layer (Fig. 8A), which
decreases with depth (Fig. 8B) during high winds. However,
when winds are low U, <2 ms", for different values of
prey concentrations, Z,, and predator velocities, v, the preda-
tor growth rate assumes suitable values according to Eq. (12),
which are constant throughout the upper mixed layer because,
in this case, £ = E + E = E,. A decrease in predator velocity
causes a decrease in growth rate, which is evidenced by a drop
in the encounter rate at low wind speeds. The differences in g
for optimal predator velocities increase with depth for strong
winds. Thus, for weak winds they are unaffected by the mixed
layer depth (Fig. 8B), because £,~ 0 in the whole column wa-
ter. The distributions shown in Figs (8C and D) demonstrate
the changes in predator biomass, B. In the middle stage of the
numerical experiment (between 18 and 36 hours), a substan-
tial growth in predator biomass is observed, mainly for Z,=
10° m3, which falls slightly in the final stage as result of the
decrease in growth rate. This drop is caused by the decline in
wind speed. The results indicate that the changes in growth
rate with prey concentration and predator velocity exert hardly
any influence on predator biomass. They show, moreover, that
any increase in the values of Z, and v causes the predator bio-
mass to rise considerably. The differences in predator biomass
for optimal predator velocities decrease with declining prey
concentration. The numerical investigations suggest that for a
low prey density Z < Z,<10*m? (where Z is prey threshold
for predator growth), the predator biomass in the upper (z=1)

wind U, (ms'l)

z=1m (black)
z =20 m(grey)

e e 2 -1
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=
R A RO A
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[ z=20m/(grey)

. -1
encounter velocity w (ms )
o
[=3
(=4
(=)}
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Fig. 7. Effects of temporally varying winds (A) on physical dif-
fusivity (B) and turbulent encounter velocity (C) at the upper
(black line) and lower of the surface mixed layer (grey line).

and lower (z=20) layer took similar values throughout the nu-
merical experiment. Hence, the effect of growth rate through
prey concentration and predator velocity on predator biomass
is very small, because £ is very low and g = g,. This situation
is caused mainly by a fall in prey concentration (Fig. 8F) dur-
ing this experiment (2 days). In turn, this decrease is created
by predation PRED,. In this case, when the density Z, is so
low, PRED, depends mainly on the initial predator biomass
and parameter g,, which have a decisive influence on the time-
vertical distributions of prey concentration (see Fig. 11C). The
intensity of this effect on prey concentration declines with in-
creasing Z,; in this case, predator growth rates depend mainly
on encounter rate, g, and diurnal migration, MIG, exerting a
considerable influence on prey density (Fig. 8E).

The time-dependent vertical distributions of characteris-
tics investigated (predator growth rate, predator biomass and
prey concentration) are presented for maximum predator ve-
locity and two prey density Z,=10* and 10°m™. In this model
formulation, K is obtained as above, assuming N 2 = 0.001
s?, and is shown in Fig. (9) at time =12, 24, 36 and 48 h.
Figs. (10 A) and (11 A) present the changes in the predator
growth rate with depth for the same values of time for two
prey concentration. g decreases with depth in the whole water
column, but this fall is marked only in the upper mixed layer,
mainly at =24 h and 36 h, when wind speed is very high,
in this time, g lies in the range from 0.053 to 0.061 d" (g —
g, and 0.0245 t0 0.0255 d' (g= g,) for Z,= 10° and 10*m?,
respectively. The vertical distributions of predator biomass, B,
reflect the growth rate, showing a decrease with depth and a
higher increase with time at high turbulence levels than at low
ones (Figs. 10B and 11B). However, the vertical distributions
of prey concentration, Z,, reflect the diurnal migration MIG
and predation PRED, (Figs. 10C and 11C).

The effect of PRED,, on prey concentration is observed
mainly for high wind. The increase in predation, resulting
from the increased predator biomass as a consequence of
the faster growth rate (through encounter rate), causes a
fall in the prey concentration. The effect of MIG on Z,, is
visible late in the day, when prey translocates to the upper
layer; however, in the morning it translocates to the lower
layer. Figs 10C and 11C show the combined effect of pre-
dation and migration on prey concentration. The predicted
effect of MIG on Z, is much more pronounced when Z,=
10° than when Z,=10m™ ; however, the effect of PRED,
on Z, is larger for Z,= 10* than for Z,=10°m".

If we assume initial values of B = 800 ugC m> and
the above principles, an increase in predator biomass is
observed from 4% and 11% on the surface of mixed layer
to 3% and 7% at depth during the numerical experiment
with a drop in prey concentration from about 2% and 6%
for Z,=10° and 10*m?, respectively.

Conclusions
The paper reports numerical results; it gives an analysis

of the equation for the encounter rate in zooplankton and
the time-dependent vertical distributions of predator growth
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rate, predator biomass and prey concentration with variable
winds. Using different definitions of scale /, the numeri-
cal investigations were carried out to find the convergence
conditions and the behaviour of the scale values. In this
paper the significance of the choice of the length scale in
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turbulent encounter velocity was demonstrated: three dif-
ferent definitions of / were taken into consideration - the
average prey separation, / = f(Z,), the Kolmogorov scale, /
= f(n), and the predator’s reaction distance, / = f{d ). Analy-
sis of these numerical studies indicates that, for a predator
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Fig. 8. Temporal changes in predator growth g rate, (A) and (B) and predator biomass B, (C) and (D) with varying wind for three dif-
ferent initial prey concentrations: 10, 5x10%, and 10° m™, and for optimal predator velocities, v _(black line) and v (grey line) in the
upper (z=1m) (A) and (C) and lower of the surface mixed layer (z =20 m) (B) and (D). Temporal changes in prey concentration, Z,,,
with varying wind for two different initial prey concentrations: 10° (E) and 10*m™ (F) at the upper (z =1 m) and lower of the surface

mixed layer (z =20 m).
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depth z(m)

diffusivity K(m’s ")

Fig. 9. Temporal changes in the vertical distributions of physical
diffusivity, K.

of small body size d < 5.5 mm and a high prey concentra-
tion Z,> 10" m?, the encounter velocity assumes low val-
ues (i.e. w < 0.0l ms?! forz=1 m) as in the case when
[ is defined as the Kolmogorov scale. In this situation, the
choice of scale is not important for the encounter velocity
obtained. Prey concentrations in the 10’— 108 m™ range are
reasonable densities for the prey of a 1-3 mm copepod (i.e.
algae and protozoans). For large larval ¢ > 10 mm and
prey concentrations lower than Z,<10°m?, when/=f(Z )
and [ = f{d ) the encounter velocity assumes high values in
a like range (i.e. w>0.015 m s for z= 1 m); then the scale
[ can be defined as the average prey separation or as the
predator’s reactive distance. The larval lengths d > 10 mm
are mainly characteristic of the small sizes of freshwater
species. However, for fish larvae in the 5-10 mm size range
which feed on copepod nauplii in the 10*-10°m range, the
encounter velocity assumes intermediate values i.e. 0.01 <
w<0.015ms" when /= f{d ), which are higher than when
[ = f{n) and lower than when / = f{Z ). The results also dem-
onstrate that the choice of scale significantly influences the
encounter rate, £, through the turbulent encounter velocity,
w. The calculations clearly indicate for which values of
d and Z, the encounter rate, £, when / = f{d ), lies in the
range £ <E, <E,, i.e. between E when [ = f(n) and E,
when/=f(Z,). Forsmalllarval sizes E, = E; however, for
large ones E, = E, In this paper, a normalized encounter
rate, i.e. encounter rate, £, to behavioural encounter rate,
E, = Efor U, =0, ratio, in the 0 — 20 ms™ wind speed range
was obtained for the analysis of the effect of turbulence on
E. An increase in larval length as well as in prey density,
when [ = f(Z,), reduces the effect of turbulence on the en-
counter rate; however, when / =d and [ = f{7), the change in
the prey concentration has no influence.

The intensity of this effect is to a high degree depen-
dent on predator velocity, v. This intensity falls with ris-
ing predator velocity. The numerical investigations show
that the choice of the length scale as well as the peculiari-
ties of the individual investigated (i.c. a suitable definition
of reaction distance and predator velocity) exert a great
influence on the growth of predators through the encoun-
ter rate. The importance of the Kolmogorov scale, 1, is
greater in a laminar medium than in a turbulent medium.

In the quasi-laminar regime of water flow (I = 2zn) and
high prey concentration, the choice of correct scaling is
not important. Predators of any body size forage in the
same regime immovably (swimming velocity v = 0).

In the second part of the paper, on the assumption that / =
d, the effects of predator velocity and prey concentration on
predator growth rate, when the predator is food limited, with
asteady wind at various velocities were explored. Lastly, the
time-dependent vertical distributions of predator growth rate,
predator biomass and prey concentration with variable winds
were examined (assuming an increase and then a decrease
in wind speed during 2 days). The numerical studies were
carried out on the basis of a one-dimensional prey-predator
ecosystem model in which the dynamics of the horizontally
quasi-homogeneous surface mixed layer were investigated.
The calculations indicate that the predator growth rate de-
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pends to a significant degree on the prey concentration, Z,,
and predator velocity, v. Their increase in value causes a rise
in predator biomass through an increase in its growth rate.
However, the temporal increase in growth rate is considerable
when winds are strong but falls with depth. For Z,= 10°m™,
predator growth rate, g, depends on encounter rate (g £) and
constant growth rate term (g,) and g £ = g, when wind speed
is low, but when one is high, g £>>g and g — g . How-
ever, for Z,= 10*m™, the predominant influence of parameter
g, on growth rate is observed and then g — g, In this paper,
for instance, for the value of w = 0.005 ms™, when U, = 8
ms',d =7.5mmand /=d = f(d ) and Z,= 10°m", predator
growth rate, when g,=0.02 d", is ca. 0.045 d" and 0.039 d"
forv_andv_  respectively. This means that the parameter
g,isabout 35% forv_ and 41% forv . for Mysis mixta
carlier stages (7.5 mm) feeding on copepods nauplii, assum-
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Fig. 11. Temporal changes in the vertical distributions of preda-
tor growth rate, g, (A), predator biomass, B (B) and prey con-
centration, Z,, (C) during the period of numerical investigation
(2 days), assuming the initial values of B = 800 pgC m™ and
Z,=10°m?.

ing that 80% of ingested food contributes to predator growth.
The temporal changes in the vertical distributions of predator
biomass reflect the growth rate, showing a strong turbulence-
effect in the surface mixed layer, which increases with wind
speed and decreases with depth. For a low prey density Z <
Z,<10*m” (where Z is prey threshold for predator growth)
this effect disappears, and then the initial predator biomass
and constant growth rate term have a decisive influence on
prey concentration. However, the effect of turbulence on the
characteristics investigated increases with increasing Z,,, and
then the dominant factors controlling prey concentration are
diurnal migration and predator growth rate in this case de-
pendent mainly on encounter rate.

The 1D-model used in this paper consists of coupled,
partial second-order differential diffusion-type equations
for both predator and prey. Hence, this model was utilized
in numerical investigations of the temporal changes in the
vertical distributions of prey concentration and predator
biomass. The temporal changes in the prey concentra-
tion, Z,, are defined by turbulent diffusion, diurnal migra-
tion and predation. However, the temporal changes in the
predator biomass are caused by turbulent diffusion and
predator growth rate. The one-dimensional prey-preda-
tor ecosystem model presented here differs from the one
given by (5). This is because
1. Davis’ model [5], although also a 1D-model, deter-

mines the temporal changes in the horizontal distribu-

tion of predator biomass;

2. In this model, the diurnal migration of prey and pre-
dation were not considered, i.e. the effect of predator
growth rate through predation on prey density was not
studied; however, the swimming diffusivity for preda-
tor was considered;

3. Davis’ model is based on a simplified version of the
turbulent encounter rate equation given by [1];

4. Physical diffusivity and energy dissipation were de-
fined by other equations. In this prey-predator model,
the swimming diffusivity was not considered there-
fore the results of numerical simulations for predator
biomass were different from those given by [5].

The results of the numerical investigations, achieved
on the basis of the 1D-model presented in this paper, indi-
cate that taking Eq. (4) into consideration for the encoun-
ter rate in Eq. (11), which describes the temporal varia-
tions in predator distribution, through the predator growth
rate, is an important aspect of modeling the zooplankton
concentration, for example, in the 1D upper layer model
with a high-resolution zooplankton (herbivorous cope-
pods) module [33, 44].

Appendix 1
Parameters of the Eq. (9)
The temporal changes in mass (= weight) are caused by

ingestion ING, zooplankton fecal pellets FEC and metabolism
MET. The ingestion rate ING is defined as the rate of food in-
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take per unit time per animal, the coefficient of food selection
being given by 7. This function fil({Phyt}) with the maximal
ingestion rate /s a function of both the food concentration
{Phyt} and the animal’s weight ¥, and takes a value of o,
which is equal to 0.7 [45]. The allometric law (W) is deter-
mined experimentally by analyzing the total growth of the
copepod. This signifies that the ingestion rate per unit weight
decreases as weight increases [45]. This empirical relation is
due to complex genetical and physiological phenomena oc-
curring as the individual grows older, and is quite often used
in models [44]. The total rate of metabolic loss MET can be
split into three components with different relations to the food
uptake rate ING. M, is assumed to be the resultant or basic
metabolism, independent of food supply. The respiratory costs
of foraging for and capturing food M, should fall as the food
concentration and, correspondingly, f{({Phyt}), rises. Finally,
there is the cost of assimilating and biochemically transform-
ing the food (specific dynamic action, M), proportional to 4
with a percentage of ingestion regenerated as soluble excretion
zooplankton 7, [46]. The rate of assimilation 4 is computed as
a constant fraction of the ingestion rate, e.g. [47], who used
A=0.7ING).

ING = © fil({Phyt}) W (14)
Sil({Phyt}) = fil . ({Phyt} - {Phyt })\ ({Phyt\} -

- {Phyt } + k,, )., for {Phyt} > {Phyt} (15)
MET =M, + M, +M,=M,+n A, A=n ING  (16)
FEC = n,ING (17)
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