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Fitness measures (4.1)
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Rate-maximizing models (4.2)
State-independent dynamic models (4.3)
State-dependent dynamic models (4.4)
Multiple state variables (4.5)
Qualitative testing of models (4.2-4.5)

In this chapter we describe the application of dynamic state variable models to
insect parasitoids (which we describe in more detail below). This has been an
especially fruitful area of application, in which dynamic state variable models
have yielded new insights and suggested a number of new experiments.

4.1 Parasitoid life histories

Parasitoid life styles are manifold (Godfray 1994), but for simplicity, one can
envision them as follows (Price 1980). Adults (who may live just a few hours
up to many weeks) are free ranging. Eggs are laid on or inside various life
stages of other insects, ranging from eggs to adults. Upon hatching, the
offspring use the body fluids and tissues of the host as resources for growth.
Offspring may complete development in the host or may exit and pupate
elsewhere (for example, in the ground); offspring development generally results
in the death of the host. Thus the key notion is that offspring are “trapped”
in the host, even though the adults are mobile. This makes parasitoids easier
to model than moths or butterflies, in which offspring can move (e.g., Mangel
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and Roitberg 1993; Roitberg and Mangel 1993). Parasitoids are often used
for biological control of pest insects. However, insects with parasitoidlike life
styles such as tephritid fruit flies (e.g., Mediterranean fruit fly, apple maggot)
can often be pests themselves.

David Lack’s ideas on clutch size and their generalization

The great evolutionary biologist David Lack introduced notions about clutch
size in birds (Lack 1946, 1947, 1948a,b; Monaghan and Nager 1997) that
remain influential in evolutionary biology 50 years later (e.g., Godfray et
al. 1991; Risch et al. 1995). Lack’s approach is based on two fundamental
observations. First, individuals can generally lay more eggs than they do.
Second, in general there is density-dependent competition for resources among
the offspring—laying more eggs means that the share of resources per offspring
is smaller because competition will be more intense. This implies that there
is a trade-off between eggs laid and some measure of reproductive success (we
discuss these measures in more detail later) and that there will be an “optimal
clutch size.”

We illustrate these ideas for insects, using data collected by Rosenheim and
Rosen (1991), who studied the parasitoid Aphytis lingnanensis, which attacks
the armored scale insect, a worldwide pest of citrus. They found that the
size of an emerging daughter, measured by hind tibia length, depends upon
the clutch laid by the mother. In particular, if S(c) is the average size of a
daughter from a clutch of size ¢

S(c) = 0.245 — 0.0223(c — 1) (4.1)

Furthermore, the number of eggs that a female parasitoid can lay depends
upon her size and thus upon the clutch from which she emerged. If E(S(c))
denotes the number of eggs, Rosenheim and Rosen found that

E(S(c)) = max{181.85(c) — 26.7,0} (4.2)

where max{A,0} = A if A > 0 and 0 otherwise. We combine these equations
to create a measure of fitness, potential granddaughters, for the ovipositing
mother as a function of the clutch that she lays, that is, each daughter from
a clutch of size ¢ has size S(c) and the potential to lay E(S(c)) daughters
herself, so that the potential number of grandchildren is cE(S(c)); fig. 4.1. In
subsequent analyses, we shall use f(c) = cE(S(c)) as the increment in fitness
obtained from oviposition of a clutch of size ¢ in a single host. It is possible,
of course, that the number of eggs also affects the survival of offspring in a
host (in addition to their size at emergence). We defer discussion of that case
(see Rosenheim and Rosen 1991).

Examining fig. 4.1 is instructive. Although, based on eq. 4.2, the mother
can lay as many as 11 eggs and still have offspring emerge, we see that hosts
that receive more than 6 eggs give rise to daughters who are so small that they
are functionally infertile. There is an optimum clutch size for a single host,
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Figure 4.1 The potential number of grandchildren emerging from a host as a
function of the clutch laid in the host for the data on Aphytis given by Rosenheim
and Rosen (1991).

which we call the single host maximum (SHM). Thus a clutch of 3 eggs gives
fitness of 29.2 potential grandchildren, but clutches of 2 eggs give fitness 27.6
potential grandchildren, nearly as much. This simple observation leads us to
recognize the need for dynamic state variable models. Imagine a female who
has exactly 6 eggs left. She could put three eggs into each of two hosts and
obtain fitness of 58.4 potential grandchildren. Alternatively, she could put two
eggs into each of three hosts and obtain fitness of 82.8 potential grandchildren.
On the other hand, if she were guaranteed to encounter six hosts, then she
could put one egg into each of them and thus obtain fitness of 17.1 potential
grandchildren per host, or total fitness of 102.6 potential grandchildren. Thus
our predictions of what she does can depend upon the number of eggs that
she currently holds (egg complement), the chance of encountering hosts, and
the chance of mortality. It is the role of these factors that we want to sort out.
The situation might be further complicated by the presence of other females.
Suppose, for example, that the focal female encounters a host that already has
eggs in it. Many parasitoids mark hosts after oviposition with a pheromone,
so that the second female will be able to ascertain whether or not other eggs
are present. If she lays an egg, she is said to superparasitize the host. For
many years, it was thought that superparasitism was an error in terms of
reproductive success. The logic went something like this: if females mark
hosts after oviposition, then they are doing it to prevent future oviposition in
that host, so ovipositing in a marked host is a mistake. However, Mangel and
Roitberg (1988) showed that superparasitism can be adaptive in the sense
that a female who superparasitizes may achieve higher fitness than one who
does not. We want to be able to predict when a female will superparasitize.
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Figure 4.2 The analog of fig. 4.1, using the hypothetical fitness increment given in
eq. 4.3.

Finally, some parasitoids make multiple uses of hosts. Upon encounter,
a female may lay an egg in a host or feed on that host. The physiological
effects of host feeding are manifold. Host-feeding may increase longevity of
the parasitoid, may increase egg number, or may affect both. Consequently,
we want to be able to predict when a female will feed rather than oviposit in
a particular host.

In summary, we want to use dynamic state variable models to determine
the ecological and physiological factors shaping (1) how many eggs are laid in
a host (how often parasitoids are egg limited vs. time limited); (2) when an
individual superparasitizes; and (3) when an individual host-feeds (Heimpel
and Rosenheim 1995). To answer these questions, we will develop a sequence
of models of increasing complexity. As described in chapter 3, we use the
models to make qualitative predictions about the results of experimental
manipulations; then these will be compared with the experimental results.

In the course of developing some of these models, it will be instructive to
have an example with a larger range of potential clutches. Thus, in addition to
f(c) = cE(S(c)) defined by egs. 4.1 and 4.2, we will work with a “hypothetical
parasitoid” for which the fitness increment is (fig. 4.2)

c

@) =<1~ (55) 43)

The choices of 30 and the exponent 3 in eq. 4.3 are arbitrary (we picked them
to give a range of clutches and a lack of symmetry). In this case, single-host
clutches of 19 are optimal. It is not uncommon for certain parasitoids to lay
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Table 4.1 Single host optimum clutches for superparasitism

Data of Rosenheim and Rosen Hypothetical parasitoid

Optimal Optimal
co clutch Fitness Co clutch Fitness
0 3 29.1 0 19 14.2
il 2 19.5 b} 15 10.6
2 2 114 10 12 7.4
3 il 8.7 15 8 4.4
AP 1 1.6 20 5 2.1

25 8 0.7

a. Setting co = 0 is a check on previous calculations (always a good
thing to do).

b. This is the maximum number of other eggs that allow any fitness
to the focal female.

clutches of this size (e.g., Klomp and Teernik 1967; Bai et al. 1992; Vet et al.
1993).

To conclude this section, we note that our assumption that the fitness
increment from a clutch can be specified as the potential number of resulting
granddaughters is not entirely consistent with the usual notion of fitness in
life-history theory. To achieve consistency, we would also have to consider
future generations. The method described in section 12.3 could be used for
this purpose, although this would require additional information about the
biology of Aphytis. We do not expect that this would change the qualitative
predictions of the models, but this needs to be checked in future work.

4.2 Fixed clutch models

We have already described the simplest fixed-clutch model, which is the single-
host maximum clutch. This model predicts that a female Aphytis will lay three
eggs in a host that does not have any other eggs in it. If we assume that when
a female encounters a previously parasitized host, she can sense the number
of other eggs in it, then the fitness that she obtains from laying a clutch of
size c in a host that already has ¢y eggs in it is given by

fsup(c) = cE(S(c+ co)) (4.4)

In this case, we predict that the female will lay either one or two eggs,
depending upon how many eggs are already in the host (table 4.1)

An analogous calculation can be done using the fitness increment for the
hypothetical parasitoid, in which case we write

fen ile] =e [1 - (C ;000)3} (4.5)
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The SHM model predicts that clutches will be fixed, independent of phys-
iological variables such as the parasitoid’s age and egg complement and in-
dependent of ecological variables such as time of season, encounter rate with
hosts, or mortality rate.

A model that involves at least one ecological variable is the rate-maximizing
(RM) model. The notion here, lifted from classical diet choice theory (see
Stephens and Krebs 1986 or the appendix to chapter 1 here), is that natural
selection acts on the rate of accumulation of fitness, so that we predict in-
dividuals will behave in a manner that maximizes that rate. We focus only
on hosts that are previously unparasitized. The rate of gain of fitness from
oviposition of a clutch of size ¢ is given by

R(c) = f(©) (4.6)

search time + handling time

where the search time is the time needed to find a host and the handling time
is the amount of time needed to lay a clutch of size ¢. Rosenheim and Rosen
discovered that the first egg in a clutch took 6.5 minutes and each subsequent
egg took 3.25 minutes. Thus, we define one period of time as 3.25 minutes;
the handling time h(c) associated with a clutch of size ¢ is given by

h(c) =24+ (c=1)=c+1 (4.7)

Instead of search time, we use encounter rate p, which has units of hosts/time
period. Thus

Search time = % (4.8)

and eq. 4.6 becomes

5+ h{c) 1+ ph(c)
For the hypothetical parasitoid, we assumed that a clutch of size ¢ requires
0.1(c + 1) time units. The results (fig. 4.3) are instructive. First, consider
Aphytis, for which the rate-maximizing clutch is two eggs over a very wide
range of encounter rates (fig. 4.3a). In fact, it is only when encounter rates are
very low (less than 0.08) that the rate-maximizing clutch shifts to three eggs,
which is also the single-host maximum clutch. Thus, we predict that clutch
size will decrease as the encounter rate increases, but this might be difficult
to verify with Aphytis because (1) the shift will only be from three to two
eggs and (2) to observe the shift at all, one might need to use encounter rates
that are so low that they are unnatural.

The results are more dramatic with the hypothetical parasitoid (fig. 4.3b),
for which the SHM clutch is 19 eggs. In this case, the clutch size drops to
10 eggs as the encounter rate increases.
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Figure 4.3 The single host maximum (SHM) and rate-maximizing (RM) models
can be separated by different qualitative predictions relating encounter rate and
clutch size. (a) For the Aphytis data, over most of the range, the RM clutch is
two eggs and only approaches the SHM clutch for very low encounter rates. (b)
The separation of SHM and RM models is more dramatic with the hypothetical
parasitoid.

In summary, then, we conclude that SHM models are not sensitive to the
encounter rate whereas rate-maximizing models are. For both models, super-
parasitism may occur (see below) but will be independent of time, and clutch
size will not depend upon time, mortality rate, or egg complement. Wilson
and Lessells (1994) and Wilson (1994) refer to both of these as examples of
static optimality models.

Wilson (1994) tested these ideas (and many more) using the bean beetle
Callosobruchus maculatus. Females lay their eggs on bean seeds, and the
larvae burrow into the seeds on which they then feed. Pupation takes about
25 days; reproductively mature adults weigh 2-10 mg and live for 7-10 days.
Females have about 80 eggs, and the clutch size varies between and 1 and
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Figure 4.4 Wilson (1994) measured how clutch size depended upon encounter rate
for a bean beetle. Consistent with the rate-maximizing model but not with the
single host maximum model, clutch size decreased as encounter rate increased.

10 eggs per bean. Wilson found that larval competition leads to fitness
increments similar to figs. 4.1 or 4.2 (Wilson 1994, fig. 4).

Wilson studied the effect of encounter rate on clutch size by mating virgin
females and allowing them to lay a clutch two hours after mating. The clutch
was considered complete when a female walked at least one seed length away
from the bean seed. Subsequent seeds were presented to females at 1, 10, 120,
or 1440 minutes after the first seed. Wilson estimated oviposition time by
using the average time per seed for the first five clutches laid. First clutches
did not vary with the travel time manipulation, but subsequent clutches
did (fig. 4.4), qualitatively consistent with the rate-maximizing model but
inconsistent with the single host maximum model. To quote Clark, “I should
hope so!” Other tests of these ideas are found in Nakamura (1997) and Visser
and Rosenheim (1998).

4.3 A dynamic but state-independent model

Now we turn to a dynamic but state-independent model. This allows us to
consider effects of the time interval and mortality rates but not egg comple-
ment. We do this using a model involving superparasitism in a parasitoid that
only lays one egg per host. In such a case, let f, denote the average increment
in fitness from oviposition in an unparasitized host. It is often true among
such solitary parasitoids that only one egg emerges from a host (the offspring
have a contest within the host). Thus, if a female lays an egg in a previously
parasitized host, on average she will receive a smaller fitness increment than
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fu. We let f, denote the average fitness increment from oviposition in a
previously parasitized host. Both hosts require the same amount of time 7 for
oviposition. Finally, we assume that hosts are encountered singly; this makes
the analysis easier.

Now there are two encounter rates, p, and p,, with unparasitized or previ-
ously parasitized hosts, respectively. Analogous to the classic rate-maximizing
solution for the two-prey diet choice problem (Stephens and Krebs 1986), we
focus on the rate of gain of fitness R, if only unparasitized hosts are attacked,
and on the rate of gain Ry, if both unparasitized and previously parasitized
hosts are attacked.

We find R, in the following manner (see the appendix to chapter 1). The
time interval of length T can be broken into search time S and handling time
H, so that S+ H = T. Given that the search time is S, the parasitoid en-
counters p,, S unparasitized hosts and p,S previously parasitized hosts. Since
each host requires 7 time units for handling, the handling time is given by

H = puS7+ ppST = 57(pu + pp) (4.10)

Assuming that the only activities are search and handling

T=8+H=S5+S87(py + pp) (4.11)
so that
o

. ey (4.12)

The gain in fitness from unparasitized hosts is f,p,S and from previously
parasitized hosts is f,p,S. Consequently the average fitness acquired over the
interval 0 to T is given by

T
S = (fupu + - 4.13
(fubu + fppp)S = (fupu + fopp) =y (4.13)
and the rate of gain of fitness is given by
Ry = JuPut JoPp (4.14)
1+ 7(pu + pp)
Repeating this analysis shows that
Jubu
= 4.15
YT 14 7Py l8)

We predict that the parasitoid will superparasitize if R, > R,,. This condition
is the same as
1 fp
P & = (4.16)
T fu—Jp
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The right-hand side of eq. 4.16 is a switching value of p,: if p, exceeds the
switching value, then it is predicted that the parasitoid will avoid superpara-
sitizing; if p, is less than the switching value, it is predicted that the parasitoid
will superparasitize.

In summary, the rate-maximizing model predicts that (1) the parasitoid
will always attack all unparasitized hosts; (2) if the encounter rate with
unparasitized hosts is sufficiently low, the parasitoid will also attack previ-
ously parasitized hosts; (3) the encounter rate with previously parasitized
hosts has no effect on the acceptance or rejection of those hosts; and (4)
neither mortality nor time within the season will affect oviposition behavior.
These predictions are analogous to those obtained in the theory of diet choice
(Stephens and Krebs 1986). Now we develop a simple dynamic model for
this situation and ignore physiological state but take time into account. Two
additional variables are needed. First, we must characterize mortality. We
assume that the rate of mortality while searching is m, in the sense that

Pr{parasitoid survives one time unit} = e~ ™ (4.17)

Similarly, we assume that mortality during oviposition is me, and survival
is determined by an expression similar to eq. 4.17. Mortality is included in
the rate-maximizing solution in a simple way: the expected lifetime of the
parasitoid is 1/m, so that the lifetime fitness for the rate-maximizing solution
is ;nl—Ru or %Rb, and hence m has no effect on the optimal behavior. For
further discussion, see Mangel (1989).

Because the dynamic model uses discrete time rather than the continuous
time implicit in the rate-maximizing solution, we need to characterize the
probability of encountering a host in one time unit. Assuming that search is

random, we set

Au = Pr{parasitoid encounters an unparasitized host in one
Pu

time unit of search} = (1 — e™P=7°7)
Put Pp

(4.18)
Ap = Pr{parasitoid encounters a previously parasitized host

in one time unit of search} = (1 — e"’“‘pp)-—p’;
Pu + Pp

The logic behind eq. 4.18 is that the chance of encountering a host of either
type in one time unit is 1 — e »~P». Given that a host is encountered, the

chance that it is unparasitized is E%—Lp;’ and the chance that it is parasitized

is p—ﬁ%. Recall that when z is small, e™® &~ 1z, so that when p, and p, are
small, the encounter probabilities are approximately p, and pp, respectively.

The fitness measure is

F(t) = expected accumulated fitness from oviposition from ¢ to ' (4.19)
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We assume that no oviposition occurs at time 7', so that F(T) = 0. For
previous times, it makes sense to assume that when an unparasitized host
is encountered, it is always attacked, but that when a previously parasitized
host is encountered, oviposition is chosen to maximize expected reproductive
success. With these assumptions, the dynamic programming equation is

Fit)=(1—=A=2Ap)e MF(t+ 1)+ Au{fu +e ™ F(t+ 1)}

+ Apmax{fp+e "vF({t+7),e"F(t+1)}  (4.20)

The three terms on the right-hand side of eq. 4.20 correspond to not en-
countering a host, encountering an unparasitized host, or encountering a
previously parasitized host during period t. When an unparasitized host is
encountered, the parasitoid receives an immediate increment in current fitness
fu and future fitness e~™°v F'(t 4+ 7), taking into account survival. When a
previously parasitized host is encountered, oviposition behavior involves the
trade-off between current and future fitness.

The solution of eq. 4.20 generates a value t* before which previously para-
sitized hosts will not be attacked and after which they will be attacked. The
boundary depends upon the fitness increment from the two kinds of hosts,
the encounter rate with each kind, and the two mortality rates. We focus
on time and mortality while searching. In fig. 4.5a, we show the boundary
between superparasitizing and not superparasitizing for f, = 1, f, = 0.2,
t=1, T = 30, moy = 0.23, and p, = p, = 0.5 (for which A, = A, = 0.316).
The switching value for the rate-maximizing model is p, = 0.25, so based
on the rate-maximizing theory, we predict that the parasitoids will never
superparasitize. This state-independent dynamic model, on the other hand,
predicts that if time is short—that is, if ¢ is close enough to T', the parasitoid
will superparasitize. Similarly, if mortality while searching is sufficiently high,
it is predicted that the parasitoid will superparasitize regardless of the value
of t.

The precise location of the boundary depends upon the encounter rates.
For example, we might envision two scenarios about encounter rates. In the
“Good world” scenario, p, = 1.5 and p, = 0.5, whereas in the “Bad world”
scenario, p, = 0.5 and p, = 1.5. The boundary between superparasitizing or
not has the same shape as before (fig. 4.5b), but the location depends upon
the encounter rates. In the “Good world” scenario, parasitoids wait longer or
must experience a higher rate of mortality, while searching, than in the “Bad
world” scenario.

Thus, a simple dynamic but state-independent model predicts that super-
parasitism behavior is dynamic and will respond to time within the season and
mortality during search. The rate-maximizing model predicts fixed behavior,
regardless of time within the season or mortality during search. Roitberg et
al. (1992, 1993) and Fletcher et al. (1994) tested these ideas.

Roitberg et al. (1992) used the solitary drosophilid parasitoid Leptopilina
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Figure 4.5 (a) The time at which the parasitoid starts accepting previously para-
sitized hosts depends upon the ecological and physiological factors. Here we hold all
but one constant (fu =1, fp =0.2,t =1, T = 30, mov = 0.23, and py = pp = 0.5)
and vary the mortality rate while searching. (b) The location of the boundary
depends upon encounter rates. In the “Good world” scenario, p, = 1.5 and pp = 0.5,
whereas in the “Bad world” scenario, py, = 0.5 and pp = 1.5.

heterotoma, whose larvae are solitary. This wasp has about 800 eggs upon
emergence; consequently it is appropriate to assume that the effects of physio-
logical state (egg complement) can be ignored. Females seek out host patches
(rotting mushrooms) and search for hosts (Drosophilid larvae) by inserting
their ovipositors into the patches that may contain larvae. Upon contact with
larvae, a female paralyzes and parasitizes the host. Because of the venom in a
previously attacked host, a female can recognize a previously parasitized host.

A Dutch (i.e., temperate zone) strain of Leptopilina heterotoma was reared
on larvae of D. simulans under two sets of light to dark cycles: 16h:8h
(“Summer”) and 12h:12h (“Fall”). Since many species of insects are sensitive
to photoperiod, Roitberg et al. (1992) assumed that the fall photoperiod
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indicates that t is approaching T', whereas the summer photoperiod indicates
that t is far from T

The protocol involved a three-day experimental period. On the first two
days of the experiment, 4- and 5-day-old wasps were individually placed on
a yeast patch containing thirty 48-h-old D. simulans larvae. Wasps reared
on the 16:8 light cycle were further divided into “Good world” and “Bad
world” groups. In the “Good world” treatment wasps were released on yeast
patches that contained 30 unparasitized hosts, whereas wasps in “Bad world”
treatments were released on patches that contained 30 already parasitized
hosts. Wasps reared on the 12:12 light cycle experienced only “Good world”
conditions. On the third day, all wasps were individually placed on patches
containing thirty D. simulans larvae that had already been parasitized by
other L. heterotoma females. Residence times and superparasitizations were
observed and recorded for each wasp.

In a second set of experiments, Roiterg et al. (1992) manipulated perceived
mortality by raising parasitoids under both “Good world” and “Bad world”
conditions and under steady barometric pressure (“Steady”), typical of a fair
summer day, or dropping barometric pressure (“Dropping”), as would occur
several hours before the onset of a storm. Such summertime storms are known
to be a source of mortality for small insects (Wellington 1946).

The results (fig. 4.6) are striking, and in accord with the qualitative predic-
tions of the dynamic, state-independent model. First (fig. 4.6a), with “Sum-
mer” photoperiods, encounter rates clearly affect superparasitisms (p < .05 for
“Summer, Good world” vs. “Summer, Bad world”). Second, when encounter
rates are the same, the closeness of t to T clearly affects superparasitisms
(p < .005 for “Summer, Good world” vs. “Fall, Good world”). Third
(fig. 4.6b), when a cue indicates an imminent increase in mortality, the number
of superparasitisms increases (p < .0014 for “Steady” vs. “Dropping”). Fur-
ther intuition about these patterns can be developed by considering the third
term in eq. 4.20. This term involves a trade-off between current and future
reproduction. Whenever empirical manipulations make future reproduction
less valuable (e.g., by increasing m or t), the balance shifts toward current
reproduction and superparasitism. Fletcher et al. (1994) investigated this
notion by varying the food supply of the parasitic wasp Venturia canescens.
Some wasps were fed a 50% honey solution, whereas others were fed only
water. The starved wasps had a maximum life span of three days and an
average life span of about two days, whereas the fed wasps had a maximum
life span of five days and an average life span of about four days (p < .0001).
Fed and starved parasitoids did not differ in egg complement (about 50 eggs
each; p = .65). Oviposition behavior upon encounter with hosts in a system
similar to that used by Roitberg et al. was observed. The starved wasps
superparasitized approximately 63% of the hosts they encountered, whereas
the fed wasps superparasitized only about 43% of the hosts they encountered
and this difference was highly statistically significant (p < .001).

Thus we conclude that oviposition behavior is more effectively described as
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Figure 4.6 The results of experiments by Roitberg et al. (1992, 1993) clearly
demonstrate that (i) encounter rates affect the tendency to superparasitize (panel
a, Summer, Good world versus Summer, Bad world); (ii) when encounter rates are
the same, the closeness of t to T affects the tendency to superparasitize (panel a,
Summer, Good world vs. Fall, Good world); and (iii) mortality rate clearly affects
the tendency to superparasitize (panel b).

a dynamic process that responds to the mortality rate and the time of the
season than as a static, rate-maximizing process. Next, we consider the effect
of physiological state, using a dynamic state variable model.

4.4 The proovigenic parasitoid

For parasitoids that lay clutches the simplest physiological state is the number
of eggs that a parasitoid holds (i.e., the egg complement). It is clear that none
of the single host maximum, rate-maximizing, or state-independent dynamic
models will lead to predictions that oviposition behavior depends upon egg
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complement because these models simply do not include the egg state. Next
we develop a model that does and then describe experiments that tested the
major predictions of such a model.

We let

X (t) = number of eggs at the start of period ¢ (4.21)

The parasitoid has a maximum number of eggs that it can physically contain;
we denote this by Zmax. The minimum value of X (t) is zero. Parasitoids can
be broadly classified into those that emerge with their entire egg complement
(proovigenic) and those that mature eggs during their lifetimes (synovigenic).
In this section, we focus on the former, in which case the dynamics of the
physiological state are given by

X(t+ 1) = X(t) — clutch laid in period t (4.22)

Fitness, defined in terms of expected potential number of grandchildren, now
depends upon time and state, with the definition

F(z,t) = maximum expected accumulated number of potential  (4.23)
grandoffspring from period ¢ to T, given that X () = x

For simplicity, we consider the situation in which only one host type is
encountered and for which the increment in fitness from a clutch of size c¢ is
f(c). We assume that laying a clutch of size ¢ requires time h(c), as described
by eq. 4.7 (or some appropriate modification). If A is the probability of
encountering a host in one unit of search time and m is mortality rate during
search and oviposition, we can immediately write the equation that F(z,t)
must satisfy:

Fz,t) = (1= Ne ™F(z,t +1)

+ /\mcax{f(c) + e ™R (z — ¢, t + h(c))} (.24)

The first term on the right-hand side of eq. 4.24 corresponds to the case in
which no host is encountered. In that situation, if the parasitoid survives
period t, she begins period t + 1 with the same number of eggs. The second
term corresponds to the case in which a host is encountered. In that case,
the parasitoid may trade current reproduction (larger clutches) with expected
future reproduction (survival times fitness at the end of the current clutch).
The solution of eq. 4.24 generates F(z,t) and the optimal clutch ¢*(z,t) for
each egg complement and time.

In fig. 4.7, we show how the first-period clutch ¢*(z,1) depends upon egg
complement and mortality when A = 0.5, using the fitness increments for
Aphytis (panel a) or for the hypothetical parasitoid (panel b). In either case,
we predict a shift toward higher clutches as egg complement increases. This
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Figure 4.7 The simplest state variable model predicts that clutch size will respond
to egg complement, mortality rate and encounter rate. We show the results for
fitness increments associated with Aphytis (a) and with the hypothetical parasitoid
(b) for A = 0.5, Zmax = 35, and T = 60.

shift will occur sooner when mortality rates are higher or (not shown) when
encounter rates are lower.

Rosenheim and Rosen (1991) tested the ideas of encounter rate and egg
complement using the parasitoid Aphytis lingnanensis. This parasitoid is
actually synovigenic and may host-feed (see the next sections), so we shall
describe the protocols that Rosenheim and Rosen used to ensure that the
experimental manipulations were appropriate.

The hosts used in the experiments were large virgin third instar females of
the California red scale Aonidiella aurantii. Scales were maintained as virgins
because the females develop a hard protective shell after mating.

Rosenheim and Rosen provided parasitoids with a uniform history of host
encounter but with different egg complements. They manipulated egg load
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Figure 4.8 Results of the clutch size experiment conducted by Rosenheim and
Rosen; details are in the text. We aggregated the egg complement and show the
fraction of observations that correspond to clutches of size 1, 2, or 3. For egg
complement 4-9, these values are 0.056, 0.722, and 0.194; respectively; for egg
complement 10—15 they are 0.025, 0.333, and 0.615 respectively; for egg complement
16—23 they are 0.0, 0.185, and 0.812 respectively. There was one clutch of size 4 for
the smaller egg complements.

by using parasitoids of different sizes (see eqs. 4.1, 4.2) or raising parasitoids
at low temperature, which slows egg production.

Parasitoids were confined with a single host, and oviposition behavior was
observed. After that, the parasitoid was given a second host and only par-
asitoids ovipositing in both hosts were used in the data collection; after the
second oviposition, parasitoids were dissected to determine the egg comple-
ment. The egg complement at the start of the experiment was the sum of the
eggs laid plus those counted during dissection.

We present results by aggregating the egg complement (fig. 4.8), but the
raw data can be found in Hilborn and Mangel (1997, chapter 6) and other
versions of the aggregated data in the paper by Rosenheim and Rosen (1991).
Virtually all of the clutches were one, two, or three eggs and as egg complement
increased, the likelihood of larger clutches increased. Indeed, no clutches of
size 1 were observed for an individual that had more than 13 eggs.

In summary, the experiments of Rosenheim and Rosen support the con-
clusion that oviposition behavior is fundamentally dynamic and responds
to changes in physiological state and ecological conditions (encounter rates
with hosts and mortality rates). Indeed, egg complement has been suggested
as a major source of variability in insect foraging and oviposition behavior
(Minkenberg et al. 1992).
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Now we can combine the effects of egg load and previous parasitism to
extend the results in the last section by assuming that a previously parasitized
host already has ¢y eggs in it. The combination of eqs. 4.20 and 4.24 that we
choose is

F(z,t) = (1 — Ay — Ap)e " F(z,t +1)

+ Ay max{f(c,) + e ™MW F(x — ¢y, t + h(cy))} (4.25)
Cu

+ Ap max{f(co + ¢p) + e~ ™M) Pz — cp, t + h(cy))}
Cp

Cp + Co

As before, the first term on the right-hand side corresponds to the situation
in which no host is encountered in period ¢t. The second term corresponds
to the encounter with an unparasitized host, in which case the clutch laid ¢,
is determined by the balance between current reproduction f(c,) and future
reproduction e"™M)F(z — ¢,,t + h(c,)). When a previously parasitized
host is encountered and the clutch is ¢,, the current reproduction is only a
fraction of what it would be were the parasitoid only putting her eggs into
the host. Hence the term E,{% Thus, we assume that all offspring survive
in a host with ¢, + cg eggs, but the mother is credited only with her share of
the associated fitness.

The solution of eq. 4.25 generates a threshold level of eggs z,(t) required
for superparasitism at time t. We applied eq. 4.25 to the fitness increment for
Aphytis with ¢co = 1 and considered “Good worlds” (for which A, = 0.8 and
Ap = 0.2) or “Bad worlds” (for which A, = 0.2 and A, = 0.8) and two values
of the mortality rate (fig. 4.9).

To our knowledge, the combination of experiments of Rosenheim and Rosen
and Roitberg et al. that would be needed to demonstrate the existence of the
boundary in fig. 4.9 has not yet been done. In chapter 1, we discussed similar
boundaries in the feeding behavior of small fish, including experiments that
are consistent with the notion of a dynamic threshold, as in fig. 4.9.

There are at least some gamelike aspects to the problem of superparasitism,
that is, in eq. 4.25 we assumed that other individuals do not superparasitize
(hence the use of f(c,) for the fitness increment upon encounter with an
unparasitized host) and have fixed c¢p. These are likely to depend upon the
behavior of other individuals, and this would imply that a game is involved
(see chapter 10).

4.5 The synovigenic parasitoid: Eggs and reserves

Now we turn to models that involve various complications; these models
require more than one state variable. For example, in addition to looking for
hosts, parasitoids may look for non-host food sources (e.g., plants that provide
nectar or pollen or aphid honeydew). Consumption of non-host foods (or
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Figure 4.9 A dynamic state variable model for superparasitism generates a bound-
ary in egg complement-time space. At a given time, if the parasitoid’s egg com-
plement is above the boundary, we predict that it will superparasitize; if its egg
complement is below the boundary, we predict that it will not superparasitize. Other
parameters are as in fig. 4.7.

their substitutes in the laboratory) can increase fecundity, longevity, or both
(Jervis et al. 1993 and references therein; Rivero-Lynch and Godfray 1997).
Alternatively, upon encounter with a host, a parasitoid may feed rather than
oviposit (de Bach 1943—a classic paper; Jervis and Kidd 1986 and references
therein).

To be explicit, we focus on the case in which reserves are used to “power”
the parasitoid in the sense that one period of activity decreases reserves by «;
in addition, reserves may be used to increase the egg complement. As before
we denote the egg complement at the start of period ¢ by X (¢) and introduce

Y (t) = amount of reserves at the start of period ¢ (4.26)

We measure reserves in the same units as eggs and assume that reserves cannot
exceed the maximum value ymax and that if the reserves fall below a critical
level y., the parasitoid dies. Finally, we assume that when a non-host food
source is encountered, food reserves increase by an amount g. Thus, if a non-
host food source is encountered in a period in which z. eggs are made, the dy-
namics of Y (t), subject to the constraints concerning ymax and y., are given by

Yt+1)=Y(t)—a—zc+g (4.27)

We assume that eggs cannot be converted back into reserves.
As we go through the models, it is important to keep in mind that there are



4.5 The synovigenic parasitoid: Eggs and reserves e 101

many different ways to formulate the behavior and the physiological dynamics.
Consider, for example, how one might change the model if reserves can be used
to increase longevity.

Non-host-feeding parasitoids

A parasitoid that does not host-feed needs to find reserves elsewhere. Thus
at a particular time, two questions arise: How much of the current reserves
should be allocated to producing new eggs? and Should the parasitoid search
for hosts or non-host sources of reserves? The key trade-off here is the level of
reserves. Since food may not be located immediately, there is value in keeping
reserves up. However, keeping reserves at a value that is too high may mean
that potential reproduction is lost.

For simplicity of presentation, we assume that the parasitoid is solitary, so
that upon encountering a host, she lays a single egg and obtains an increment
in fitness f, from oviposition. In any given time period, the parasitoid can
search either for a non-host food source or for a host. We let

Ay = Probability of encountering a non-host
food source in a single period of search

(4.28)
Ar = Probability of encountering a host in a
single period of search
and introduce fitness
F(z,y,t) = maximum expected fitness accumulated (4.29)

from reproduction between t and T', given
that X(t) =z and Y(¢) = y

which satisfies the end condition F(z,y,T) = 0 for every value of z and y. In
addition, it satisfies the boundary condition F(z,y.,t) = 0 for every z and
t (by measuring = and y in units of eggs, which are integers, we avoid the
problems of interpolation near the critical value y.).

We assume that eggs are matured before she seeks either hosts or food. In
this case, the value of seeking a host is given by

Viouela, 7, t) = rr;a,x[/\h{fo +e MF(x — 1+ Te,y — a—ze,t + 1)}

(4.30)
+(1=A)e MF(z 4 Te,y — @ — Ze, t + 1))
and the value of seeking a non-host food source is expressed by
‘/food(xayat) = ma‘x[)‘fe—mF(x o Tey Yy — O — Te <k gat T 1)}
s (4.31)

+(1=Ap)e "F(z + Ze, Yy — @ — T, t + 1))
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Then fitness and the optimal behavior are determined according to
F(z,y,t) = max{Vhost (2, Yy, 1), Viooa(, ¥, ) } (4.32)

The solution of eq. 4.32 leads to a boundary value of reserves that depends
upon egg complement and time (fig. 4.10). When Y (¢) is below the reserve
boundary, we predict that the parasitoid will search for food sources; otherwise
she will search for hosts.

The precise form of the boundary is of less interest to us than its existence.
The general prediction is that there is separation into states that correspond
to seeking hosts and states that correspond to seeking food. Experiments
that demonstrate this separation were conducted by Lewis and Tasuku (1990),
Wiickers and Swaans (1993), and Wickers (1994). These workers investigated
the way in which parasitoids use food and host odors, but did not explicitly
test the predictions that we have derived. Wéckers and Swaans (1993) and
Wiickers (1994) separated the parasitoid Cotesia rubecula (which attacks the
cabbage butterfly Pieris rapae) into fed and deprived groups. The fed groups
received 70% saccharose solution whereas the deprived groups were fed only
water. The sugar is used to “power” the parasitoid, as in our model. Wéackers
and Swaans (1993) found that deprived individuals lived an average of 1.6
days. Mated females who were inexperienced with both host and food odors
were given a choice of flying toward flowers of rapeseed or flying toward leaves
of rapeseed that were damaged by larvae of P. rapae. The results (fig. 4.11)
are clearly and significantly in accord with the predictions of the theory: about
65% of the deprived parasitoids sought food sources, whereas only 25% of the
fed parasitoids did.

Host-feeding parasitoids

Sometimes hosts can be used as food sources, rather than as sites for oviposi-
tion. Parasitoids that exploit hosts in this manner are said to be host-feeding
parasitoids. Some parasitoids actually can use hosts for both oviposition and
feeding; see Jervis and Kidd (1986). As in the previous case, there are different
ways in which host reserves can be used (Bartlett 1964; Sandlan 1979; Jervis
and Kidd 1986) and not all of them will be explored here; this subject has
attracted considerable research effort recently. Excellent introductions to the
primary literature are Chan (1991); Rosenheim and Rosen (1992); Collier et
al. (1994); Heimpel et al. (1994); Collier (1995a,b); Heimpel and Rosenheim
(1995); and McGregor 1997; reviews are found in Rosenheim and Heimpel
(1994) and Heimpel and Collier (1996).

4.6 Discussion

Since models of host-feeding become complicated very rapidly (see the primary
literature cited before), we have no such models in this section. However, we
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Figure 4.10 The solution of eq. 4.32 generates a boundary in the egg complement-
reserve space. Above this boundary, the parasitoid is predicted to seek hosts; below
the boundary it is predicted to seek food sources. The results shown used fo = 1.0,
a=1.0,9g=0>5.0,T =50, ymax = 40, Tmax = 10, and m = 0.01, and we show the
boundary at t = 15 for (a) Ay = 0.25, Ay = 0.25; (b) Ay, = 0.75, Ay = 0.25; and (c)
Ap = 0.5, Ay = 0.5.

use the intuition developed throughout the chapter to make predictions about
the nature of host-feeding and then describe various experiments that have
been conducted. We’ll see that there is, in fact, incomplete resolution of the
question of predictions about host-feeding. Host-feeding implicitly involves
two states (egg complement and reserves used for making eggs), and time
delays as reserves are converted into eggs. Thus, single host maximum, rate-
maximizing, and one-state dynamic state variable models cannot be used to
describe host-feeding. At the minimum, a two-state dynamic model is needed.

One of the difficulties in the study of host-feeding is that although egg com-
plement can be determined (it is very tedious), the determination of reserves is
still essentially impossible. Thus, one of the state variables is not observable.
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Figure 4.11 Results of the experiments of Wackers (1994) in which parasitoids were
either fed or deprived and then given a choice of seeking hosts or seeking non-host
food sources. The deprived parasitoids significantly (p < .05, binomial test) sought
food sources (flowers) rather than hosts (leaves).

However, we can begin to think about the implications of host-feeding and,
based on the experience in this chapter, derive certain qualitative predictions.

Reserves are ultimately converted into eggs for future oviposition. Collier
(1995b) showed that when Aphytis melinus (a parasitoid of California red
scale Aonidiella aurantii) host-fed, the host meal led to two new eggs about
15 hours later. These parasitoids can live for 40 days (Collier 1995b) and
encounter hosts in the field at the rate of one host every two hours or so
(Heimpel et al. 1996 found that one host was encountered every 137 minutes).
Thus we anticipate that a parasitoid which is far from T' may host-feed when
the egg complement is low, to obtain reserves that will be used as eggs in
future ovipositions.

Prediction #1: Parasitoids will host-feed when egg complements are low.
Collier et al. (1994) developed a number of simple dynamic state variable
models that lead to this prediction. Perhaps their most important conclusion
is that there is a threshold egg level z*, above which the parasitoid oviposits
and below which it host-feeds. Furthermore, Collier et al. show that if the
delay between host-feeding and having the egg available is a single period,
then z* = 1. However, if the delay is greater (e.g., it takes a number of
physiological “stages” to convert reserves into eggs), then z* may be greater
than one. Collier (1995a) developed more complicated state variable models,
which include physiological realism, that give the same qualitative feature.
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Figure 4.12 The parasitoid Aphytis melinus was more likely to host feed at low
than at higher values of egg complement (data from Collier et al. 1994). Note, in
fact, that parasitoids with more than five eggs never host-fed. The numbers above
the bars indicate the number of parasitoids sampled.

Collier et al. (1994) tested these predictions using the parasitoid Aphytis
melinus. They used newly mated, young females placed into small petri
dishes containing scale insect hosts on lemon. They observed parasitoids
ovipositing and host-feeding. Once the parasitoid host-fed, it was removed and
dissected so that egg complement could be determined. The result (fig. 4.12)
shows a clear qualitative agreement with the prediction: as egg complement
increased, the likelihood that a parasitoid host-fed decreased. Heimpel and
Rosenheim (1995), using Aphytis melinus that attacks oleander scale, found
results consistent with those of Collier et al.: egg complement significantly
(p < .001) affected whether a parasitoid host-fed or not.

The results of Collier et al. are in contrast to those of Rosenheim and
Rosen (1992) who found that egg complement did not influence (in the sense
of a statistically significant result) the host-feeding behavior of the parasitoid
Aphytis lingnanensis. Collier et al. note the following differences between
their work and that of Rosenheim and Rosen. First, Rosenheim and Rosen
examined behavior of the parasitoid on the first host encounter whereas Collier
et al. waited until the parasitoid host-fed, which usually took two or three
encounters. Thus, in the experiments of Collier et al., parasitoids differed
in both experience (encounters with hosts) and egg complement. Second,
Rosenheim and Rosen used second instar scale insects, whereas Collier et
al. used third instar scale insects; the second instar scales are poor quality
for oviposition purposes, and Collier et al. suggest that host-feeding on third
instar scales—which are high-quality hosts for oviposition purposes—may be
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Figure 4.13 Rosenheim and Rosen (1992) found that smaller second instar hosts

were used for host feeding with much higher frequency (p < .001) than larger hosts.

Scale area is measured in mm?.

sensitive to egg complement, whereas host-feeding on second instar scales may
not be. The question has not yet been resolved.

However, the notion that host variation may lead to different behavioral re-
sponses is valuable. For example, scale area affects the number of progeny that
emerge. Heimpel et al. (1996) found that oviposition in first instar scales leads
to a fitness increment (potential grandchildren) of 3 emerging, in second instar
scales to a fitness increment of 9 progeny emerging, and in third instar scales to
a fitness increment of 11. Thus we come to the second qualitative prediction.

Prediction #2. Smaller hosts are more likely to be used for host-feeding than
for oviposition.

Rosenheim and Rosen (1992) found exactly this dependence (fig. 4.13) and
used stepwise logistic regression to determine that host area was the most
important variable and highly significant (p < .001) as a predictor of whether
a parasitoid would host-feed. Rosenheim and Rosen used A. lingnanensis;
Heimpel and Rosenheim (1995) confirmed the result with A. melinus.

Into the woods

All of the studies described thus far took place in the laboratory. Heimpel
et al. (1996, 1998) combined predictions 1 and 2 and took them to the field.
During three seasons, parasitoids were observed in an abandoned almond or-
chard. Once found, parasitoids were followed until a host encounter, and their
behavior was observed using a handlens. After oviposition, parasitoids and the
encountered host were captured and brought to the laboratory for dissection.
In this manner, the egg complement of the parasitoid at the time of encounter
was determined. Host area (treated as an ellipse) was an index of host size.
Approximately 70 parasitoids were observed either ovipositing or host-feeding.



4.6 Discussion o 107

® o oviposition
o (O  host-feeding
3 ‘T ° e
= ®
: °
© 8 o)
® ® e °
1E_ °
O
O
o]
O ®
&
O
0 1 Q 1 1 1 1 | 1 1
2

4 6 8 10 12
Egg complement

Figure 4.14 Heimpel et al. (1996) studied the oviposition and host-feeding behavior
of Aphytis melinus in the field and found support for the predictions developed in
this chapter. Filled circles denote hosts that were used for oviposition, open circles
hosts that were used for host-feeding. The boundary line between oviposition and
host-feeding is drawn for ease of presentation and was determined by using least
squares to determine the parameters Spo and E, that give the best fit between the
data and the line Sp(FE) = So(1 — E/E,), with the understanding it is predicted
that the hosts which fall above the line are used for oviposition and hosts below the
line are used for host-feeding. Oviposition is impossible when the egg complement
is less than one, hence the vertical line.

The broad general prediction is that parasitoids with larger egg loads are
more likely to oviposit and that smaller hosts are more likely to be used for
host-feeding than oviposition. The field studies support (fig. 4.14) all of the
predictions that we’'ve developed in this chapter:

e Ovipositing parasitoids had a higher mean egg load (5.14+0.51, SEM) than
host-feeding parasitoids (3.4 + 0.32).

e Scale hosts used for oviposition were larger (1.5 + 0.12 mm?) than scale
insects used for host-feeding (1.0 + 0.11 mm?).

e Both scale area and egg complement entered into a logistic regression for
the probability of host-feeding versus ovipositing, and both were significant
(p = .004 and p = .039, respectively).

e The interaction term (scale area) x (egg complement) did not enter into
the logistic regression significantly (p > .5), showing that the two variables
affect behavior independently.



