MARINE ECOLOGY PROGRESS SERIES
Mar. Ecol. Prog. Ser.

Vol. 5%: 23-33, 1989 Published September 15

Microzooplankton grazing on phytoplankton
in the Rhode River, Maryland:
nonlinear feeding kinetics

Charles L. Gallegos

Smithsonian Environmental Research Center, PO Box 28, Edgewater, Maryland 21037, USA

ABSTRACT: The dilution technique estimates microzooplankton grazing on phytoplankton by reducing
encounter rates between the microzooplankton predators and their phytoplankton prey. The technique
was extended to the case in which grazing is a nonlinear function of phytoplankton concentration. By
allowing microzooplankton clearance rates to vary between, but not within, dilution fractions, and
assuming microzooplankton density remains constant, it was shown that the grazing impact on
apparent phytoplankton growth rate bears a simple relationship to the functional response of the
microzooplankton. Experiments in the Rhode River, Maryland (USA) demonstrated saturated feeding
kinetics. Half-saturation chlorophyll concentrations occurred within a relatively small fraction (0.1 to
0.2) of initial concentrations, despite a 4-fold range in the latter, suggesting tight coupling between
microzooplankton communities and their phytoplankton prey. Simulations with time-dependent equa-
tions coupling phytoplankton and microzooplankton growth laws indicated that inferences about the
shape of the microzooplankton functional response from measurements of phytoplankton apparent
growth rate are insensitive to change in microzooplankton density and to changes in clearance rates
along the functional response. However, estimates of specific grazing coefficient, g, are very sensitive to
these changes. Equations were solved for the case when the specific ingestion rate of the microzoo-
plankton is food-saturated. The solution allows for proper estimation of g in eutrophic systems whenever

microzooplankton growth rate is observed.

INTRODUCTION

Grazing by microzooplankton is believed to play at
least 3 important roles in planktonic foodwebs. Grazing
may regulate the population levels of bacteria and
nanophytoplankton (Verity 1986, McManus & Fuhr-
man 1988); microzooplankton grazing appears to domi-
nate all other sources of nutrient regeneration in most
environments studied (Harrison 1980); dissolved
organic carbon excreted by phytoplankton and scav-
aged by bacteria may be transferred to larger metazoan
grazers via microzooplankton grazing, although the
significance of this link is controversial (Ducklow et al.
1986, Sherr et al. 1987a).

Given the significance of microzooplankton grazing,
it js important that the methods used to measure it be
given close scrutiny. The available techniques for
measuring microzooplankton grazing have recently
been reviewed by McManus & Fuhrman (1988) and
Gifford (1988). Each method has certain advantages
and disadvantages. The dilution technique, introduced
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by Landry & Hassett {1982), has the advantage that the
technique requires relatively little manipulation of the
community, and yields estimates of both the specific
growth rate of the phytoplankton and specific grazing
rate of the microzooplankton. With this technique the
grazing rate is estimated by determining the apparent
growth rate of the phytoplankton in a series of contain-
ers in which sampled water is diluted with filtered
water from the same location. The dilutions reduce the
probability of encounter between microzooplankton
(i.e. the predator) and phytoplankton (the prey). The
specific growth rate of the phytoplankton is given as
the apparent growth rate extrapolated to 100 % dilu-
tion (i.e. the growth rate in the complete absence of
grazers); the microzooplankton grazing rate is calcu-
lated from the slope of a regression of apparent growth
rate against the fraction of unfiltered water (see below,
“Theory').

A possible disadvantage of the dilution technique is
that 4 critical assumptions must be satisfied which may
be difficult to verify in practice: (1) The growth rate of
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the phytoplankton must not be altered by dilution per
se (i.e. growth must not be density-dependent); (2)
growth of the phytoplankton must not be limited by
available or regenerated nutrients; (3) phytoplankton
must be growing exponentially with time, and {4) con-
sumption rates of the microzooplankton must be linear
with respect to phytoplankton concentration. Conse-
quences of violating these assumptions have been dis-
cussed (Landry & Hassett 1982, Ducklow & Hill 1985,
Tremaine & Mills 1987, Gifford 1988).

Here I consider the consequences of nonlinear feed-
ing kinetics by the microzooplankton grazers (Assump-
tion 4). I show that for well-behaved feeding response
functions, nonlinearity should lead to predictable and
interpretable effects on the plot of apparent growth rate
against the fraction of unfiltered water. The modifica-
tions to account for nonlinear feeding kinetics have
implications for the experimental protocol, particularly
for determining the most informative dilutions to per-
form. Application of the modified technique to plank-
ton communities in the Rhode River, Maryland (USA)
showed signs of saturated feeding kinetics, and gave
growth and grazing estimates that differ from linear
estimates,

THEORY

As originally proposed (Landry & Hassett 1982) the
dilution technique assumes that the phytoplankton are
growing exponentially and are simultaneously being
grazed

P, = Py exp|(k - g){] (la)
which can be solved for the net growth rate, r,,
I = k—g= (1/91In[P,(8/P1(0)] (1b)

where P = phytoplankton biomass or population num-
bers; k = phytoplankton exponential growth rate (d™%);
g = specific grazing rate of the microzooplankton (d™');
t = time {d); and the subscript 1 denotes an undiluted
incubation (fraction of unfiltered seawater = 1). Given
the assumptions stated in the ‘Introduction’, the graz-
ing impact may be reduced without altering growth
rate by diluting the sample with filtered water; grazing
is reduced by a factor X, where X (0<X=1) is the
fraction of unfiltered water in the dilution. Solution of
Eq. (1) gives a linear relationship between apparent
growth rate in the diluted sample, rx, and X

I = (1/8In[Py/Po] = k — Xg (2)

The phytoplankton growth rate should be the y-inter-
cept and grazing rate —1 times the slope of a regression
of rx against X. For detection of a linear relationship
some investigators have used dilutions spaced fairly

evenly along the X axis (Landry & Hassett 1982, Burkill
et al, 1987, Paranjape 1987, Gifford 1988). Others have
used incubations at X =1 and at one other value of X to
estimate k and g by simultaneous solution of Eqs. (1h)
and (2) (Landry et al. 1984, Ducklow & Hill 1985). I will
refer to these 2 solution techniques as the regression
and 2-point methods, respectively.

The success of the linear solutions depends on the
assumption that the community grazing impact is
reduced in direct proportion to X. This is equivalent to
assuming that the per capita clearance rate by the
microzooplankton grazers (volume filtered per grazer
per time) remains constant at all dilutions, To relax this
assumption we may assume that the community inges-
tion rate varies discretely, but nonlinearly, with dilution
fraction, X

Ix = fx(Px) (3)

where Ix = community ingestion rate [(mass phyto-
plankton consumed) grazer~! d!]; Py = phytoplankton
concentration initially present in dilution fraction X;
and fx(Px), the discrete community functional response
curve, is an unspecified, possibly nonlinear function of
Px. The community clearance rate at dilution X, Cx (ml
grazer™! d7'), is then

CX = Ix/Px (4)

The community grazing coefficient in an undiluted
(X = 1) sample is the product of the clearance rate and
the concentration of grazers, Z (organisms mi™'),

g=CiZ =727 1/P, = Z £(P,)/P, (5)

To proceed we must make 2 additional assumptions.
First, we require that microzooplankton density remain
constant during the incubation. Secondly, we must
assume that alteration of clearance rates by the mi-
crozooplankton community is a response to the initial
dilution treatment, but that clearance rates otherwise
remain temporally constant within all dilutions; that is,
fx(Px) is not a continuously varying function of P. These
are severe restrictions, and without them, the following
development has no general mathematical validity.
Consequences of relaxing these additional assump-
tions will be explored in the '‘Discussion’ using a more
general, time-dependent model of community
dynamics. It is useful to proceed, because, as will be
shown, the derivations suggest a transformation of the
data that is useful for detecting the presence of non-
linear feeding kinetics even when the assumptions are
not met.

Making these assumptions and substituting Eq. (5)
into (1b) gives r, as

I, =k = Z-£,(P,)/P, (6)

Dilution of a sample with filtered water reduces con-
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centrations of both grazers and phytoplankton by a
factor X, so that in the diluted samples

1x =k — (X- Z)f(X-Py)/(X-Py) (7a)
=k — Z (X Py)/P, (7b)

Substituting for Z/P, from Eq. (5) and letting Px =X P,
gives

re = k = [&(Px)/A(P1)] g (7c)

The fraction fx(Px)/fi(P1)in Eq. (7c) is just the discrete
functional response curve scaled to the ingestion rate at
the ambient, undiluted phytoplankton concentration.
Since X is the fraction by which initial phytoplankton
density is reduced, we may refer to a plot of i (Px)/f1(P1)
vs X as the normalized functional response curve,
When fx(Px)/f1(P;) = X then fx(Px) is by definition linear
and the technique as originally proposed is appropri-
ate. For the more general case we can deduce the
expected behavior of the curve of rx vs X by examining
some proposed functional response curves. Three types
of functional response curves are generally recognized
in predator-prey dynamics (Holling 1958, cited in Real
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Fig. 1. Generalized functional response curves recognized in
predator-prey dynamics. Points P; and P, were used as initial
prey densities for generating curves in Fig. 2 (see text)

1977 see also Steele 1974): Type I is a linear rise in
feeding rate to a saturation level; Type Ilis a decelerat-
ing rise to an asymptotic maximum, and Type Il is
sigmoidal (Fig. 1). I have added a modified Type I
(Type Ila) to admit the possibility that microzooplank-
ton feeding may cease below a threshold food concen-
tration (Steele 1974; see also Gifford 1988, Rublee &
Gallegos 19889).

The curves of rx vs X generated by the 4 types of
functional responses are given for 2 different concen-
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Fig. 2. Curves of apparent growth rate versus fraction unfil-
tered water generated using functional response curves

shown in Fig. 2. (—) Type [; {----..) Type II; (~~-~) Type Ila;
(----) Type IIL (A) Initial prey density = Py; (B) initial prey
density = P,

trations of P, in Fig. 2. All of the curves display depar-
ture from linearity, except for Type I when P; is below
the saturation level. More importantly though, all of the
curves intersect the y-axis at k; this is because fx(0) = 0,
i.e. there can be no food consumption at zero food
concentration.

It is clear that the behavior of the ry vs X curve at low
values of X is critical for obtaining reliable estimates of
k. Tt is possible to estimate k and g using a 3-point
modification of the 2-point method, by extrapolating
the r¢ vs X curve to X = 0 using the lowest 2 dilutions

_ Kalx - Xarx,2
Xa— X4

k (8)
where the subscripts 1 and 2 refer to lowest and second
lowest values of X and their corresponding values of rx;
gis then estimated from Eq. (1b). It will be shown in the
‘Discussion’ that estimates of g (but not k) obtained in
this way are very sensitive to the simplifying assump-






