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About 10% of all insect species are parasitic Hymenoptera, small wasps that
reproduce by laying eggs on individuals of other insect species (‘‘hosts’’). Among
these, the vast majority lay only one egg per host (here called ‘‘solitary’’). A flurry
of recent work poses and tests explicit adaptation models about the oviposition
decisions of these wasps (Hamilton 1967; Cook and Hubbard 1977; Charnov 1979,
1982; Waage 1979; Charnov et al. 1981; Green 1982; Charnov and Skinner 1984,
1985; Iwasa et al. 1984; Parker and Courtney 1984; Skinner 1985; Waage and
Godfray 1985; Godfray 1986, 1987; Jervis and Kidd 1986; Mangel 1987). In
general, a female parasitoid faces at least four kinds of oviposition decisions
(Charnov and Skinner 1985): (1) what hosts to use, including inter- and intra-
specific choices and the option to superparasitize (i.e., attack already parasitized
hosts); (2) where to search for hosts (= patch choice); (3) what sex ratio to
produce in a host; and (4) what clutch size to produce in a host.

In this paper we develop life-history models addressing host choice, or ‘‘diet
breadth’ (question 1), for solitary parasitoids. Godfray (1987) has dealt with the
evolution of the solitary habit itself; we simply take the solitary habit as a given.
Except for superparasitism, the diet-breadth problem has probably been modeled
least (Green 1982; Iwasa et al. 1984; Charnov and Skinner 1985). To keep our
analysis simple, we shall assume a stationary population of asexual organisms;
Green (1982) and Skinner (1985) have shown how results from such an idealized
population may be generalized to include the added complications of males and
females. Our model does not deal with the genetics of evolution directly; like
other life-history theorists, we suppose that natural selection has molded the
decision process to maximize an appropriate measure of Darwinian fitness
(Charlesworth 1980). This equilibrium or ‘‘normalizing natural-selection assump-
tion’’ allows us to use optimization mathematics to study behavior (for a discus-
sion, see Stephens and Krebs 1986): we focus on the fitness measure and on
constraints or trade-offs among its component parts. Such a focus should lead to
an understanding more fundamental than, say, the insights gained by the currently
popular ‘‘polygenic’’ approach (Lande 1982).

Of course, some of the oviposition decisions discussed here may also apply to
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nonparasitoids (e.g., many herbivorous insects; see Roitberg and Prokopy
1983a,b, 1984, 1987; Parker and Courtney 1984; Roitberg 1985; Skinner 1985;
Parker and Begon 1986; Roitberg and Mangel, MS). Our parasitoid orientation
simply reflects our own experience.

Students of parasitoids divide parasitoids into several types with respect to egg
production and deposition (Jervis and Kidd 1986). For example, they separate
species that paralyze their hosts only during egg deposition (the hosts then
recover and continue to feed) from species that permanently paralyze their hosts.
The general importance of this dichotomy for the ovipositing wasp is that the
larva’s food package is a fixed size for the permanent paralyzers (and presumably
the ovipositing wasp has some ‘“‘estimate’’ of this size), whereas the size of the
larva’s food package may be relatively unknown for the temporary paralyzers.
Our models assume that mother ‘‘knows’’ (or can estimate) the food value of a
host; hence, our models may not be informative if host value is unknowable
because it depends on the future feeding environment of the host.

Species that emerge with all their eggs mature and ready to lay (or nearly so) are
also distinguished from those that acquire the nutrition necessary to mature eggs
as adults, maturing eggs as they go along (Jervis and Kidd 1986). Parasitoids
emerging with their full complement of mature eggs can be considered to have a
fixed number of eggs ready to lay at the beginning of adulthood. Parasitoids that
mature eggs as they go along can be considered to have some ‘‘egg-production
function,”” which relates nutrient uptake to egg maturation. Our models consider
this second type of egg availability (see papers by G. A. Parker and colleagues for
models dealing with a fixed egg complement).

Although these life-history dichotomies are probably not as ‘‘hard and fast’’ as
the literature sometimes suggests (M. Mackauer, pers. comm.), they are useful
heuristic devices. Indeed, these dichotomies may also apply to many herbivorous
insects,

THE FITNESS MEASURE

It has been suggested (Iwasa et al. 1984; Charnov and Skinner 1985) that the
expression

W = f (Wjin) e=21dT (1)
0
is a reasonable measure of individual Darwinian fitness for a nongrowing (station-
ary) population of parasitoids, where Wy is the fitness gained from the offspring on
a single average host; 7, the time required to find (search for) and handle a single
average host; and Z, the instantaneous mortality rate.

If Wy, Z, and  are not themselves functions of time, then equation (1) inte-
grates to

W = W/ (xZ), (2)

where 1/Z is the average length of an egg-laying parasitoid’s life; W/t, the average
fitness gain per host divided by the average time per host, is the appropriate way
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to express fitness per unit of time as shown by cumulative-renewal theory
(Paloheimo 1971; Charnov 1973). To obtain the total offspring production over the
mother’s lifetime (eq. 1), we multiply this rate by the expected length of the
parasitoid’s life (1/Z). Several population-genetics models show that lifetime
offspring production (times offspring quality) is an appropriate fitness measure in
a stationary population (L.ande 1982; Charnov 1986).

As a first-order model for the evolution of oviposition decisions, equation (2)
may be assumed to be maximized subject to limitations imposed by interactions
between Wy, 7, and Z. We consider two contrasting assumptions about how the
parasitoid encounters hosts, and we consider two contrasting assumptions about
how the rate of egg production is related to the ovipositing parasitoid’s survival.
This yields four cases, one for each combination of the two encounter assump-
tions and the two ‘‘egg production versus survival’ assumptions.

Encounter assumptions.—Population biologists have long recognized two
types of encounter processes (Levins 1968; Stephens and Krebs 1986), corre-
sponding, in turn, to two types of environments: fine-grained and patchy (or
coarse-grained) environments. In a fine-grained environment, the parasitoid en-
counters hosts ‘‘at random’’; in a patchy environment the parasitoid finds the
hosts in clumps, and search time is the time between encounters with clumps of
hosts.

Assumptions about egg production versus survival.—In one case, we make the
egg-production rate negatively related to the egg-laying parasitoid’s survival rate;
a higher rate of egg production reduces life expectancy (Charlesworth 1980).
Although this might happen in several ways (see, e.g., Weis et al. 1983; Charnov
and Skinner 1984, 1985; Iwasa et al. 1984), we concentrate (following Charnov and
Skinner 1985) on a linear relationship between egg production and survival rate.
The second assumption about egg production versus survival disconnects egg
production from adult survival; we simply assume that eggs mature (and become
available for oviposition) at some fixed rate. Here, egg maturation is a constraint
that cannot be changed by the egg-laying parasitoid; all she can do is adjust her
diet breadth in the face of the constraint.

We begin by considering fine-grained environments and the effects of the two
assumptions about egg production versus survival in the fine-grained case. Next,
we consider these two assumptions in patchy environments.

FINE-GRAINED ENVIRONMENTS

The Encounter Process

We suppose that a parasitoid searches at random in an environment containing
K “‘host types,”” and we define the following,

\; is the encounter rate (while searching) with host-type i G €{1, 2, ..., K}). The
encounter process with each type is an independent Poisson process. A host
type is a species, instar, genotype (etc.) that the parasitoid can recognize; that
is, host types are defined by the sensory abilities of the parasitoid (see Getty
1985).
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E; is the survival rate (to adulthood) for an offspring on a host of type i multiplied
by its expected lifetime fertility. We call this the ‘‘offspring quality’’ resulting
from a host of type i. (Charnov and Skinner [1985] discussed this term in detail.)

h; is the time required to oviposit on a host of type i (called 4; because it is the
handling time for type ).

P; is the proportion of the type-i hosts encountered that is attacked.

A female parasitoid’s fitness gain per unit of time is

K K
Wit = (; )\,-P,-E,) / (1 + Zl )\,-P,-h,-); 3)

the detailed derivation of equation (3) is exactly the same as the derivation of
foraging theory’s fine-grained prey model (Charnov 1976a; Iwasa et al. 1984;
Stephens and Krebs 1986).

Assumptions about Mortality and Egg-Production Rate

In order to blend equation (3) with the life-history model of equation (2), we
must first ask if Z is related to any of the parameters: \;, E;, ;. There clearly will
be a trade-off between Z and at least some of these parameters under either of the
following assumptions. (1) The mortality rate, Z, may not be the same during
searching and handling. (Iwasa et al. [1984] developed a case like this.) (2) Egg
production drains resources from the parent’s body, causing Z to increase as the
egg-laying rate increases.

In order to incorporate the second possibility, we need to specify how Z
increases with the egg-production rate (in the long run, egg-production rate = egg-
laying rate). For this paper, we assume (after Charnov and Skinner 1985) that

Z = Zy[1 + ¢ (egg-production rate)], 4)

where Z, is the base mortality rate and ¢ is the rate (relative to Zy) at which
mortality increases with egg production. The egg-production rate is

(2 n) /(14 i NPih) )

Note that this is the same as equation (3) without the E; terms in the numerator;
here we are counting the numbers of hosts attacked (eggs laid) per unit of time.

Fitness: Mortality and Encounter Assumptions Combined

If we substitute expression (5) into equation (4) and substitute the result and
equation (3) into equation (2), we find that

W= [(3nem) /(104 3 nem)] f2fi + (63 nm) (105 3 e,
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Fic. 1.—The optimal diet breadth. Hosts are ranked by their profitabilities, E;/(h; + &), and
are added to the fitness equation W (eq. 6) in rank order. The acceptable or optimal set of

hosts includes all those of rank higher than the intersection of the two curves (Charnov 1976a;
Stephens and Krebs 1986).

which can be simplified to

W o (2 )\,-P,-E,-) / [1 + i};x,-P,-(h,. + ¢)]. 6)

However, equation (6) has the same form as equation (3) with 4; replaced by A4; +
¢, and both equations have the same form as expressions commonly used in
models of foraging behavior. Specifically, we can easily find the P;’s that max-
imize expected fitness (expression 6) by applying three results from foraging
theory (Charnov 1976a; Stephens and Krebs 1986).

1. Zero-one rule: A given host type (i) should be either accepted or ignored (in
symbols, P; = 1 or P; = 0). This result is usually called the zero-one rule, and it is
said to predict absolute as opposed to partial preferences.

2. Ranking by E;/(h; + &): Hosts should be added to the set of acceptable hosts
(the host ‘‘diet,”’ in foraging terms) in order of decreasing E;/(h; + ¢). Specifi-
cally, hosts are ranked such that

E\/(hy + &) > Ey/(hy + &) > ... > Ex_y/(hg—1 + &) > E(hg + $),

and host types are added to the acceptable set in the order of increasing j until

(i ME, / [1 + Z Nk + ¢)] > El(hyer + &) ™

i=1

This result has been proved by a number of authors (fig. 1 illustrates this result; for
a review, see Stephens and Krebs 1986).
3. Independence of inclusion and encounter rate: The inclusion of a given type
(say j) in the acceptable set does not depend on its own encounter rate (\;).
Mortality and host acceptability.—The optimal host set can be found by di-
rectly applying these three well-known results from foraging theory (fig. 1).
However, the variable ¢ adds a new element to this old model: ¢ measures the
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effect of increases in the rate of egg production on the mortality rate (Z). A unit’s
increase in the rate of egg production increases the mortality rate by ¢Z, (Z, is the
initial, or base, mortality rate).

To illustrate the effect of mortality (), we consider a case in which there are
only two host types. Foraging theorists usually call E;/h; the profitability of type i;
we follow this terminology by calling E;/(h; + ¢) the profitability of host-type i.
Changes in ¢ can change the relative profitabilities of host types; hence, ¢ can
change the ranks of host types used in calculating the acceptable set (expression
7). To see these effects, consider two host types such that E,/h, > E,/h,. There
are two cases.

1. If E, = E,, then A is ranked above B for all values of ¢: E,/(h, + &) > E,/(hy
+ ¢). In words, mortality does not affect the profitability ranks. (This case would
apply if h; were the same for all host types.) Because type A is always the most
profitable, we only need to ask whether B should be accepted, in order to
determine the ‘‘optimal’’ set of host types. Here, again, there are two cases.

a. If type B is not in the acceptable or optimal set when ¢ = 0 (this implies that
E,/(1/\, + h,) > Eplhy), then it will not be in the acceptable set for any value of ¢.

b. However, if type B is in the acceptable set when ¢ = 0, then B is in the
acceptable set for ¢ values lower than [E b, — E,(1/\, + h)/(E» — E,) and
unacceptable for values of ¢ higher than this.

2. If E, > E,, then A is ranked above B when ¢ is less than

(’f) = (Eahb - Ebha)/(Eb - Ea)s (8)

but the rankings are reversed when ¢ exceeds é. Note that this is possible only if
E; and A; are positively related. Again, there are two cases.

a. If ¢ < $, then A is the more profitable type, and we need to ask only whether
type B should be accepted. B should be accepted only if

Ey/thy + &) > E /(1 Ny + hy + ),
which is the same as
&> ¢ — Ep/N(E, — E,). ©)

Because the last term is always negative, the ¢ at which the parasitoid should first
accept the less profitable type of B’s is less than ¢. The right-hand side of the
inequality may be negative; if this is true, then type B should always be accepted.

b. If > &, then B is the more profitable type, and we need to ask only whether
type A should be accepted. Type A should be accepted only if

Ea/(ha + (1)) > Eb/(l/)\b -+ hb + d)),
since E, > E,_, this becomes
&< b + E,/Np(Ep — E). (10)

Again, because the last term is positive, the ¢ at which the parasitoid should stop
accepting type A’s is always greater than .
If E, > E,, there are three possible acceptable sets at different levels of ¢: at low
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Iy ha l hb hb+1,>\b
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B only ¢ A only h; or h;+1/\;

FiG. 2.—The effect of per-egg mortality rate (&) on host acceptability when two host types
are available. Three variables are plotted: the fitness value (E;) of the two host types; the
handling time or handling-plus-search time associated with each host type; and the per-egg
mortality rate (¢). The dashed line intercepts the -axis at the point, $, where the two types
have equal profitabilities. Below <f>, type A (lower E;, but shorter handling time) is more
profitable; and above 43, type B (higher E;, but longer handling time) is more profitable. The
solid line through the points (h, + 1/x,, E,) and (h,, E,) intercepts the ¢-axis at the point (¢;)
where the fitness from a ‘‘diet’’ type A alone equals the profitability of type B; at ¢ values
greater than ¢,, both types A and B should be attacked when encountered. The solid line
through (h, + 1/A,, E,) and (4, E,) intercepts the d-axis at the point (¢,) where the fitness
from a “‘diet’’ of type B alone equals the profitability of A; at ¢ values greater than ¢,, type
A’s should not be attacked upon encounter. This rather complicated application of the ‘‘prey
algorithm’’ (expression 7) leads to a simple rule: take type A only if & < &,; take both types if
b2 = ¢ = ¢;; and take only type B if & > o¢,.

¢ values, only type A should be taken; when ¢ increases (expression 9), type B
should be added to the acceptable set; but as ¢ increases even further (expression
10), type A should be dropped from the acceptable set. Figure 2 illustrates this
result.

Recognition costs: a sample extended model.—The similarity of this result
(expression 6) to foraging theory’s prey model is important because we im-
mediately know how to choose the P;’s to maximize expected fitness, but it is also
important because limitations of and extensions to this model are well known. For
example, the effects of host (or prey) clumping have been studied by McNair
(1982) and Lucas (1983). Stephens and Krebs (1986) reviewed and synthesized
modifications and extensions of this model.

Of particular interest here is the effect of a recognition time. The model
presented above assumes that the parasitoid immediately and instantaneously
recognizes a host’s type upon encounter. However, it seems likely that a
parasitoid may have to.invest some time—perhaps using its chemosensory abili-
ties—to distinguish between host types. Following a number of authors (Elner
and Hughes 1978; Hughes 1979; Erichsen et al. 1980; Houston et al. 1980;
Stephens and Krebs 1986), we incorporate this possibility by supposing that the
parasitoid must spend r seconds to distinguish between host types every time it
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Fi6. 3.—Diet breadth, if egg supply is limited. Hosts are ranked by profitability (£;/h;) and
added to the egg-production-rate equation (eq. 5) in rank order. This forms the ‘‘eggs needed
per unit of time.”’ The optimal diet consists of hosts of rank higher than the intersection of this
curve with the ‘‘eggs matured per unit of time’ rate curve. However, the broadest diet
possible is the optimal set derived by the procedure outlined in figure 1.

encounters a potential host regardless of whether it accepts the host. As above,
consider a case of the two-host type, where E,/(h, + &) > E,/(h, + ). Type 2
should be excluded only if

M > D + Dh\yr, an
where
D = 1/[Ei(h; + $)/E, — (hy + & + 1]

Clearly, an increase in A, can make this condition (expression 11) fail and cause
type 2 to be included in the acceptable set. This violates result 3, that a type’s
inclusion does not depend on its own encounter rate. Houston et al. (1980)
discussed this model in detail (including a detailed derivation of expression 11),
and they presented an experimental study of how recognition time affects the prey
selection of foraging great tits (Parus major).

Limited Egg Production in Fine-Grained Environments

Suppose that the egg-production rate is not related to adult survival; indeed,
assume that it (eq. 5) is a fixed constant (R). Note that fitness W is now directly
proportional to W/7 (eq. 3) with the constraint that the egg-production rate (eq. 5)
is less than or equal to R. We consider only the case where h; = k, a constant; the
time to oviposit on a host is the same for all host types. If R were so large that eggs
were always readily available, the situation would reduce to that shown in figure
1, with hosts ranked by E;/h; (b = 0). If R is not so large and if #; is constant for all
host types (h; = h), then the optimal set of host types can be found as shown in
figure 3. (1) Rank the hosts by E; (which is equivalent to ranking them by E;/h;
since h; is constant). (2) Add the host types to the ‘‘diet” in rank order. (3) The
optimal set consists of all host types until the eggs needed per unit of time equal
the eggs available per unit of time (R). (4) This optimal set always includes fewer
host types than the optimal set with no egg-production constraint.
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Fi6. 4.—A patchy environment. The hosts occur in discrete and compact clumps. The
wasp spends time traveling between clumps and in attacking hosts within clumps.

PATCHY ENVIRONMENTS

Fitness Assumptions

In patchy environments, hosts occur in discrete patches or clumps. The female
parasitoid travels between patches and while in a patch has the option of attacking
any, all, or none of the hosts present. There are many possible cases here,
depending on how the various host types are distributed among clumps, how
much searching is required within patches, and how much the parasitoid female
recognizes about patches when she encounters them. Again, these patchy condi-
tions have many analogues in foraging theory (Stephens and Krebs 1986). For
illustrative purposes, we restrict our attention to one case. (1) All patches have an
identical mix of host types (it is easy to relax this assumption). (2) Upon entering a
patch, the parasitoid knows which host types are present and it can attack the
hosts in any order. (3) No search time is required in the patch; the parasitoid pays
only the handling cost for each host attacked. We assume that the handling time
per host is a constant for all host types (this assumption can also be relaxed).

Figure 4 illustrates this ‘‘patchy-environment assumption’’; the patches are
small discrete clumps of hosts, small enough that the female entering the patch
probably knows which hosts are present and that she can use them with little or no
search time. Allowing the female to rank hosts and attack them in any order may
be an unreasonable assumption if the prey are mobile and capable of escaping (A.
Chow, pers. comm.). If prey can escape, then parasitizing one host in a clump
may well decrease the chances of parasitizing others (see Charnov et al. 1976).
This would greatly complicate the analysis, and we ignore this possibility.

Under these assumptions, the following expression gives the fitness gain per
unit of time:

Wylt = (Z E,-) / T + nh), 12)
i=1

where 27_ | E; is the sum of E; for attacking n hosts in the patch, 7 is the travel time
between patches, and 4 is the handling time per host.
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FiG. 5.—Optimal diet in a patchy environment, Hosts are ranked by E;, and we form the
relationship between 3}, E; (the total E for attacking n hosts) and n(h + ¢) (the mortality-
corrected handling time for attacking » hosts). If 7 (or T, as in the figure) is the travel time
between patches, the optimal »* (i.e., which maximizes eq. 14) is found by the usual tangent
argument of the marginal-value theorem (Charnov 1976b).

Mortality-Rate Constraints

As in the fine-grained situation, we consider the case in which Z increases
linearly with the egg-production rate: Z = Zy(1 + ¢ (egg-production rate)) (eq. 4).
For this situation, the egg-production rate is

ni(T + nh). (13)

To obtain the final fitness measure, put expression (13) into equation (4) and
substitute the result (and eq. 12) into expression (2) to yield

n

W e (Z E,')/[OJ- + nth + &)]. (14)
i=1

As in the fine-grained case (eq. 6), the linear-mortality assumption simply
redefines the handling time per host (from 4 to 4 + ¢).

Figure 5 illustrates how to find the optimal #. If the hosts are ordered by E; (E/
(h; + ¢)if the h;’s are not constant), then we can define the relations 27 E; (added
in rank order) and n(h + &) as functions of » and plot them against each other. A
tangent argument (similar t> that commonly used to solve patch-exploitation
problems; i.e., the marginal-value theorem of Charnov 1976b) gives the n that
maximizes fitness (eq. 14). It is straightforward to generalize this to an environ-
ment made up of patches with differing host distributions. (Notice that although
the rank order of host types is used to determine which types within a clump
should be attacked, this model does not predict that host types should be attacked
in rank order. For example, if the model predicts that all types of rank 2 and higher
should be attacked, the parasitoid should be indifferent to the attack orders ‘1
then 2’ and ““2 then 1.”")
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Egg-Production Constraints

In this situation, we simply assume that eggs mature at some fixed rate; thus, if
all mature eggs were laid in the preceding patch and if travel time J has passed
since the last patch, the female has mJ mature eggs to lay when she enters a new
patch (where m is the rate of production of mature eggs). To keep our analysis
simple, we assume that the time needed to lay those eggs is negligible. Under
these assumptions (plus the assumption that the female can rank the hosts upon
entering the patch), an interesting situation obtains. The female can clearly adopt
one of two kinds of decision rules: she can lay all her mature eggs upon entering a
patch and immediately move on to a new patch; or she can lay those eggs, wait for
more eggs to mature (laying these eggs as they become mature), and then move on
to the next patch. Both of these rules assume that she will leave the present patch
with no mature eggs.

What is also clear is that the wasp can use conditional decision rules; that is, she
can base her decision on the number of mature eggs she has at the time of
encountering a patch. This is the same as basing the decision on the preceding
interpatch travel time. Let J; be the time spent traveling to reach the present
patch (to keep things simple, suppose that J; is a discrete random variable) and let
P; be the probability that the time between leaving one patch and arriving at
another equals J; (j € {1, . . ., £}). Associate with each interpatch time () an
additional time #; spent in the patch (i.e., beyond 7). Rank the hosts in the patch
by E;. The wasp will be able to attack that many hosts: n; = m(J; + t;). W,/ for
this parasitoid then takes the form

Wi = Z( ZE,-)@J- /JE; T, + )P, (15)

<i=n.
I=i=n;

To simplify things, suppose that leisnjEi can be replaced by a continuous and
negatively accelerated function, €, that relates the fitness gained per patch to the
number of eggs laid within the patch:

E(mT; + my) =~ O E.

oy
1=i=n,

Hence, equation (15) now becomes

[4 [4
Wyir = Z E(mI; + m1)P, / Z (T, + 1)9;. (16)

We wish to maximize equation (16) with respect to the variables J; + ¢, forj €
{1, . . ., €}. We do this using Lagrange multipliers. The answer is simply il-
lustrated in figure 6. The rules are as follows. (1) For egg-maturation times (J; +
1) below c, set t; = ¢ — J; that is, wait in the patch until ¢ time has passed and
attack n = mc hosts. (2) For J; > c, the parasitoid should attack n = mJ; hosts
(i.e., set t; = 0) and immediately move on to the next patch. (3) The threshold
travel time (7; = c) is defined by 88 (mc)/ac = Wy/r.
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(Travel + oviposition time) + egg maturation
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Fic. 6.—Egg-production constraints in a patchy environment. As discussed in the text, two
conditional decision rules should be used. Above interhost travel time c, the female should
lay all of the eggs she has upon entering the patch and immediately move on to another patch.
Shorter travel times (below c) should result in her waiting in the patch (until ¢ time units have
passed), laying all her eggs, and then leaving for another patch. The stippled area illustrates
the range of possible travel times; c is the point where 3%/dc = Wj/r (the dashed lines indicate
Wrand 7).

DISCUSSION

Our approach has been to consider a parasitoid’s decisions about ovipositing in
a normalizing natural-selection framework. As used here, this approach focuses
on how three life-history parameters (Wg, 7, Z) combine to effect a measure of
Darwinian fitness (eq. 2), and it forces us to make explicit assumptions about
fitness and trade-offs. The fitness measure clearly derives from population and
evolutionary genetics (Charlesworth 1980); from a formal population-genetics
approach, we derive a fitness measure adequate to give us the direction of
selection. We thus express the phenotypic equilibrium as an optimization princi-
ple (often even with frequency dependence; see Charnov 1982; Maynard Smith
1982; Stephens and Krebs 1986) and study its properties subject to trade-offs
among its components. Although the genetic justification lingers in the back-
ground, the phenotypic approach (Grafen 1984) puts ecology, physiology, and
biomechanics in the foreground.

We have studied two kinds of production constraints (egg production vs. adult
survival, and an egg-maturation constraint) and two kinds of environmental con-
straints (fine-grained and patchy). We chose these constraints on the basis of our
biological intuition. Some of our general results (e.g., notions of prey rankings)
are insensitive to constraint details, but others depend strongly on details of the
trade-offs assumed. Indeed, our theoretical explorations are partly for this sole
purpose: to tell us how altering constraints alters the economics of a parasitoid’s
decisions about ovipositing. Since the trade-offs are in terms of measurable
phenotypic parameters, it should be possible to discover which trade-offs apply in
particular situations. It may even be the case that rules exist about what kinds of




HOST SELECTION IN SOLITARY PARASITOIDS 719

situations impose what kinds of trade-offs on the wasps. We suggest that generali-
zations about trade-offs form the basis of the natural-selection approach to
parasitoid decisions about oviposition, as used here. Yet, we must admit to great
ignorance about the trade-offs in decisions about ovipositing—hence, our explo-
ration of some plausible (to us) cases. The remainder of this discussion poses six
specific questions for future exploration.

1. What if Z is a nonlinear function of egg-production rate? Our linear model
was one of convenience, which led to an elegant and understandable answer (eq.
6). If the variation in egg production is fairly small, even nonlinear trade-offs could
be approximated by a linear relationship, but we admit to ignorance about non-
linear trade-offs. A possible candidate for study would be the exponential model,
Z = ZO eB(egg—production rate)'

2. What if the female’s supply of mature eggs does not increase with time?
Parker and Begon (1986; Begon and Parker 1986) have studied oviposition models
in which the female emerges as an adult with a fixed supply of reproductive
resources (or a fixed number of eggs if egg size is a constant). They allowed the
parasitoid to alter its clutch size during the course of its life (in our case it would
alter its diet breadth). This question would require dynamic programming (see
Mangel and Clark 1986), and we do not know how it would affect our results.

3. What determines the egg-production rate, if it is not negatively related to
survival? Jervis and Kidd (1986) reviewed host feeding by adults as a source of
nutrition for egg maturation. We elected to ignore this source of nutrition for eggs
and look at ‘‘host choice for babies,”’ conditional on its taking a given value.
Clearly, one could also look at the allocation of some hosts (also time) to food for
future eggs (one such model is discussed in Jervis and Kidd 1986).

4. What about two-sex fitness functions? Our unisex models may be adequate
for the highly biased sex ratios (many females) of a species subject to ‘‘local mate
competition’’ (Hamilton 1967; our functions then refer to female production), and
it seems fairly straightforward to generalize the results to species subject to host-
size sex-ratio shifts (Green 1982). In general, two-sex fitness functions can be
complicated (Charlesworth 1980; Charnov 1982); we can only hope that the unisex
models provide some insight and guidance in the absence of a rigorous extension
to the general two-sex case.

5. What about learning processes? With one exception (recognition-time con-
straints; eq. 11), our models assume perfect and complete knowledge on the part
of the ovipositing parasitoid (e.g., we assume that the parasitoid knows which
host types are present in the patch). However, experience is known to alter
oviposition behavior for a number of species (see, e.g., van Alphen and Vet 1986;
van Lenteren 1981). Such learning processes have yet to be added to formal
oviposition models. (Stephens and Krebs [1986] outlined the techniques required
to incorporate experience in formal models and where such efforts might lead.)

6. How do the results derived here compare with those that would emerge from
an explicit dynamic-state-variable approach to the same questions (Mangel 1987)?
Clearly, some trade-offs require a dynamic-programming approach; a comparison
of these approaches is now being made (Mangel, Roitberg, and Charnov, MS).
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The problem of host selection in parasitoids is old and widely studied, although
mostly from a proximate or mechanistic perspective (Vinson 1976, 1981; Vinson
and Iwantsch 1980; van Alphen and Vet 1986). A vast literature documents
numerous factors that affect host choice. The natural-selection approach allows
us to assemble disparate factors into a coherent picture; at the least we can ask
how these factors might interact to produce host choice. With all of its possible
pitfalls, we know of no other approach with the potential to provide such an
overview,

SUMMARY

Host selection by solitary parasitoids is modeled as a problem in life-historical
evolution. Our basic approach is to assume fitness maximization in the face of
trade-offs. We consider two kinds of trade-offs: (1) patchy versus fine-grained
host distribution, and (2) an egg-production rate that is either negatively related to
adult survival or simply a fixed constant. These lead to four general cases, and we
derive the range of hosts attacked under each. The resulting decision rules are
similar to several decision rules from classical foraging theory.
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