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ABSTRACT: The instantaneous amount of food in an animal’s gut, or gut content (G), is a function of its
ingestion rate (f) minus its gqut evacuation rate (E). We present simple models describing the short-term
{minutes to hours) dynamics of G, incorporating [ and E simultaneously. The models apply to situations
in which animals start feeding after a period of starvation. Two possibilities are considered: (1) Both [
and K (the coefficient of gut evacuation) remain constant during the feeding period. (2) K remains
constant, but I decreases, after satiation, from the initial value (/,,) to an equilibrium value (I.). Results
from the models show that although gut content is usually asymptotic with time, the shapes of the curves
vary considerably depending on the relationship between [, and K in the first instance, and I, [, and K
in the second instance. The relationship between the time of first defecation (t;) and the gut passage
time (K ') is critical in these models. Results from the models are compared to data from published
experiments in which gut content of copepods was monitored at intervals of minutes to hours, We
conclude that short-term variability in feeding behavior may not always be inferred solely from changes
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in gut content with time.,

INTRODUCTION

Gut content indices have been applied extensively to
infer feeding rates of aquatic herbivores (see review by
Baars & Helling 1985) and predators (references in
Murtaugh 1984a). Time-dependent changes in gut
content have also been used to infer variability in
feeding behavior of zooplankton (e.g. Mackas & Burns,
1986). However, the rate of change (dG/df) of a tracer
(e.g. plant pigment, biogenic silica, *®Ge) in the gut of
an animal must be considered a function of the inges-
tion rate (I), the gut evacuation rate (E) and the rate at
which the tracer is absorbed or destroyed (U) (e.qg.
Wang & Conover 1986), This approach has been suc-
cessfully applied by fisheries scientists interested in
estimating daily rations of fish from gut content (Eggers
1977, Elliot & Persson 1978, Jobling 1981).

Following the approach of Elliol & Persson (1978), we
present 2 simple models describing changes in gut
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content with time (minutes to hours) incorporating
simultaneously ingestion and gut evacuation rates.
In developing these models, we have planktonic
copepods in mind; thus, our discussion and examples
will deal with planktonic copepods. For simplicity, we
assume in this case that there is no absorption or
destruction (cf. Conover et al. 1986, review in Dam &
Peterson 1988) of the tracer in the animal's gut; there-
fore, the term U above is ignored. We explore the case
of constant ingestion rate versus declining ingestion
rate after satiation. Because the models apply to ani-
mals that have experienced a period of starvation, they
may be used to examine the dynamics of feeding
behavior not only of laboratory animals, but also of
those that experience a severely patchy food environ-
ment in nature, such as herbivores that perform exten-
sive diel vertical migration in the ocean.

FORMULATION OF THE MODELS
Our models describe the instantaneous ingestion
rate, I(f), in terms of the rate of change in gut content,

dG/dt, and the gut evacuation rate, E(f); i.e.
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I(t) = dG(t)/dt + E(t) (1)

where we assume that
& 0, <t y
= K G(t), t=t (2)

where f; = time at which defecation starts; K is the
coefficient of gut evacuation. G has units of mass of
tracer ind.'; I has units of mass of tracer ind.”! time ™!
and K has units of time ™. It is usually assumed that K~!
represents the gut passage time. In poststarvation feed-
ing experiments, defecation does not occur immedi-
ately after animals start feeding (Dagg 1983, Dam
1986); thus, we take E(t) = 0 for {< t,. If gut evacuation
is assumed to be suitably described by exponential
decay behavior (Mackas & Bohrer 1976, Kierboe et al.
1982, Dagg & Wyman 1983, Kierboe & Tiselius 1987,
Dam & Peterson 1988, Ellis & Small 1989), then the gut
evacuation rate (E) can be expressed as E = K G() for
t=t,.

For I(t), we consider 2 cases

Model I: I(t) = I,,  for all ¢ (3)

Model II:

Ly 1<ty
It = {

I + (I,—IL)exp{—b(t—t)}, “)

=
where [, = I, (I, is a constant and I, is the equilibrium
ingestion rate to which I decreases after satiation) and
b is a positive constant. Detailed explanations of the
parameters of both models are given below.

Solution for G(f) in Model I

Substituting Eqgs. (2) and (3) into Eq. (1) and integrat-
ing the resulting equation over time subject to the
initial condition that G(0) = 0, we obtain the following
solutions

s t=h
GO = Gi» + (G1—Giz)exp{—K(t—t))}, t=t ©)
where G.. = I,/K (6)
Gy = Lty (7)

Examination of Eq. (5) shows thal in the absence of
defecation, changes in gut content with time are due
solely to ingestion (Fig. 1). Since ingestion rate is con-
stant, gut content increases linearly with time and the
total amount of food ingested, Q(t), will also increase
linearly with time (Fig. 1).

After defecation has begun, the bhehavior of G(t)
depends on how gut content at the onset of defecation
(G,) compares to the ratio of ingestion to the coefficient
of gut evacuation ([,/K = G,.); i.e. G represents the
asymptotic value of gut content and, depending upon

the relative value of G, and G,.., the behavior of G(f)
after t>t, is different. In Fig. 1, we show 3 different
cases: G; <G (Case 1), G; = Gy (Case 2), G, > G-
(Case 3). Examination of Eq. (7) above shows that Case
1 occurs when t; <K~ !; Case 2 occurs when t; = K~!
and Case 3 occurs when t; > K .

Solution for G(f) in Model II

In Model Il we assume that once defecation starts,
the ingestion rate is no longer constant, but instead
decreases with time to some equilibrium rate, I.; the
constant parameter b represents the rate of decay of
ingestion with time. The value of I, for planktonic
copepods is variable and seems to range from 0.1 to 0.5
1, (deduced from Mullin 1963, Runge 1980, Hassett &
Landry 1988). Substituting Eqgs. (2) and (4) into Eq. (1)
and integrating the resulting equation, we obtain

5 {I.,t, t<t
1] =
O =1 6. + (Gi-Gaexp{—Kit—t,)}
+ (Ga—Ga)exp{—b(i—ty)}, =1 (8)
where G;. = [L/K (9)
G, = (I/K) + (I,—1.)/(K—Db) (10)

Changes in gut content with time after the ingestion
rate starts to decrease can be examined from Eq. (8).
Gy represents the asymptotic (equilibrium) behavior
of G(t) while the other 2 terms (K and b exponential
terms) represent the transient behavior of G(f). Notice
that G;.. < Gy.. By equating the time derivative of Eq.
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Fig. 1. Model 1. Gut content, G(t) (solid line), or total amount of
food ingested, Q(t) (solid-dashed line), vs time. Ingestion rate
(I;) and coefficient of gut evacuation (K) are assumed to
remain constant with time. G(t) and Q(¢) have units of mass of
tracer ind. ! (e.g. nanogram tracer ind.!). Model parameters
for this example are: I, = 0.3666 ng tracer ind. ! min !, ¢, = 24
min; Case 1: K= 0.0374 min~! (t, <K '); Case 2: K = 0.0417
min~! (t, = K™'); Case 3: K= 0.0520 min~' (t,>K )
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Fig. 2. Model II. (A) Gut content, G(f), vs time. Ingestion rate (I) is assumed to decrease with time (t), with the onset of defecation,

as [ = I. + (I,—I.)exp{—b(t—t;)}, where b is a constant, I, is the ingestion rate at the onset of defecation (t,), and I, is the

equilibrium ingestion rate (see text). Model parameters for this example are: I, = 0.3666 ng tracer ind.”' min™", t; = 24 min, I, =

0.51,, b = 0.020 min~'; Case 1: K= 0.04166 min~! (G,> G;; K>b; t; = K™); Case 2: K= 0.030 min~' (G,>G; K>b; t;<K™).

For definition of G, see text. (B) Total amount of food ingested, Q(f), vs time. I. as in (A). For b> 0, b = 0.02. Units of G(t) and Q(t)
above as in Fig. 1.

(8) to 0, we can determine when G becomes maximum
at t = tnax (t = fmax > )
We thus obtain

exp{(K—Db)(tmax—t1)}
= [K(K=b)/{b(l,—1e)}] (Go—Gy) > 1 (11)

Substituting Eqgs. (7) and (10) into the right-hand side of
Eq. (11), we define

Z=1+ {L/(b(I,—L)}(K=b)(1—-Kt,) (12)

Keeping in mind that I,>0, b>0 and I,> I, then if
K>b, Z>1 only when t; <K !, and then tya> t; since
exp{(K—b)(tmax—11)} = Z >1. If, on the other hand,
K<b,Z<1onlywhen t; <K~! and then again tp.,> t,
since exp{(K—b)(tmax—£1)} <1. In summary, we can
reduce the criterion of tya, > t; to t; < K~ ! regardless of
the relationship between K and b and between G, and
G}

In Fig. 2a we illustrate some of the possible behaviors
of G(f) for Model II. Case 1 represents the special case
in which G; = G,.x; gut content declines as soon as the
ingestion rates starts to decrease. This case occurs
when t; = K~!. Case 2 represents a case in which
Guax> Gj. This occurs when ¢; < K™!; in this particular
example, G,> G, and K > b,

Integrating Eq. (4) gives the total amount of food
ingested as a function of time

It t<<ty

Lty + L(t—ty) (13)
+ {(lo=L)/b}[1—exp{=b (t=t1)}], t>1t;

Q(t) =

In the interval 0<t<t,, Q(t) is given by I,t since
defecation is absent and the ingestion rate has not
started to decrease yet. As time increases after the
ingestion rate starts to decrease, Q(f) tends to

increase more slowly and asymptotically approaches
I.t (Fig. 2b).

DISCUSSION

The results of several published studies, in which gut
content of zooplankton was monitored at short-time
intervals, can be compared with the predictions of our
models. For instance, the levelling off of copepod gut
content with time in poststarvation feeding experi-
ments reported by Dagg (1983), Mackas & Burns (1986,
their Fig. 4a, b), Dam (1986), and Head & Harris (1987,
their Figs. 5 & 6) would fit Cases 1 and 2 of Model I and
would imply that ingestion rate remained constant for
the duration of the experiments. However, it would be
difficult to discriminate in an experiment between
Cases 1 and 2 because determining whether the curve
of G(t) vs time is asymptotic would require very fre-
quent sampling. Case 3 of Model I is particularly inter-
esting since it shows that a drop in gut content is
possible even if the ingestion rate remains constant.
Case 3 shows a similar behavior to the conceptual
model of Mackas & Burns (1986, their Fig. 1b), but they
attribute the decline in gut content solely to a decrease
of the ingestion rate.

The decline in gut content after the initial peak in
poststarvation feeding experiments reported by Mac-
kas & Burns (1986, their Fig. 2), Head & Harris (1987,
their Figs. 7 & 8) and Head (1988, her Figs. 1 & 7)
resemble the outcomes of Model II, and would suggest
that the copepods reduced their ingestion rate with
time. However, because we have shown that it is pos-
sible to have a significant drop of gut content with time
even if the ingestion rate remains constant (our Case 3
of Model I) one must exercise caution in concluding
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that a drop in gut content always indicates a reduction
of the ingestion rate (compare Fig. 1 and Fig. 2a). This
is particularly important if the experiments are run for
only a few hours (e.g. Dagg 1983, Dam 1986, Wang &
Conover 1986, Head & Harris 1987) in which case a
plateau in gut content after the initial drop may not be
reached.

We have also shown in Model II that there exists the
possibility of gut content not attaining a maximum
until a time well after the ingestion rate has started to
decrease; e.g, in our simulation for Case 2, maximum
gut content was not achieved until almost 25 min after
the ingestion rate had started to decline (Fig. 2a).
Thus, under poststarvation conditions, equating the
time of maximum gut content with the time at which
the ingestion rate starts to decrease is not always war-
ranted.

Whether or not ingestion rate changes with time can
be tested directly by setting up experiments in which
individual, or groups of, starved copepods are isolated
in a series of beakers containing food solutions (label-
led with an inert tracer, e.g. biogenic silica or "®Ge) and
are allowed to feed for fixed periods of time. The
concentration of the tracer in the guts and the fecal
pellets of the copepods is then measured. This concen-
tration represents the amount of the tracer ingested
from the beginning of the experiment, Q(t). A compari-
son of the slopes of Q(t) vs time for the predefecation
and postdefecation period (Fig. 2b) would allow one to
detect variations in the ingestion rate. This test would
assume that copepods behave somewhat synchron-
ously while feeding, and the available data suggest
that this assumption is valid for poststarvation feeding
experiments (e.g. Dagg 1983, Dam 1986, Mackas &
Burns 1986).

It is important to emphasize that the above experi-
ments must be carried out with an inert tracer. For
example, it may not be possible to use plant pigments
as a tracer for these experiments because of the possi-
bility of pigment digestion/destruction either during
passage through the gut or during the handling of
samples (cf. recent reviews in Dam & Peterson 1988
and Downs 1989; however, see also Pasternak & Drits
1989 and Peterson et al. 1990).

For simplicity we have assumed in the formulation of
the models that the time of first defecation, t;, is fixed.
However, since the outcomes of the model are sensitive
to the value of t;, it is important that this parameter be
accurately estimated. This parameter could be esti-
mated directly, e.g. in the type of experiment proposed
above to test for difference in ingestion rates, by
monitoring the time of fecal pellet appearance in the
beakers containing the copepods. If copepods are feed-
ing at food concentrations above the critical concen-
tration (sensu Frost 1972), {; may be a constant. Below

the critical food concentration, t; may vary inversely
with food concentration and ingestion rate (Murtaugh
1984a,b). Therefore, t; should be measured at different
food concentrations and under different ingestion rates
in experiments to test these models.

Our models predict different behaviors of G vs t
depending on the relationship between t; and the gut
passage time (K™ '). It would be particularly useful to
examine the conditions under which ¢, would be great-
er than or less than the average gut passage time. For
example, it is conceivable that at very low food concen-
trations copepods may start defecating before their
guts are full (e.g. Dagg & Walser 1986). Thus, one may
observe the overshoot in gut content (Case 1 of Model I
and Case 2 of Model II). If copepods were to gorge
themselves, perhaps while feeding at high food con-
centrations after a very long period of starvation, then it
would be possible that t; would exceed the average gut
passage time. One would then observe a decline in gut
content with time as in Case 3 of Model I and Case 1 of
Model 2.

Another simplifying assumption made in Model II is
that the ingestion rate is reduced immediately upon the
time of first defecation. There is evidence that a
decrease in ingestion rate is coupled to a saturation of
gut processes (Nott et al. 1985, Hassett & Landry 1988);
thus, presumably the decrease in ingestion rate is
related to satiation. However, whether the time of first
defecation represents the onsel of satiation remains an
open question.

In summary, we have presented 2 models describing
the time-dependent changes of gut content in zoo-
plankton given different sets of ingestion and egestion
rates. Specifically, we have shown that the decline in
gut content frequently observed in short-term experi-
ments does not necessarily reflect a decline in ingestion
rate; furthermore, we have shown that interpretation of
changes in gut content vs time must take into account
the relationships between I, I. and K, and between t,
and K. We conclude that inferences on changes in the
feeding behavior of zooplankton cannot always be
made from changes in gut content alone.
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