Packaging and provisioning in plant reproduction

D. LAWRENCE VENABLE
Department of Ecology and Evolutionary Biology, University of Arizona, Tucson, AZ 85721, U.S.A.

SUMMARY

Plant reproductive ecologists investigate many aspects of reproductive design not covered by simple
offspring size/number models or simple sex allocation models, such as inflorescence design, pollen
packaging or fruit design. General models for hierarchical packaging of reproductive allocation which
cover these and other cases are developed here. These demonstrate that selection will tend to equalize
fitness elasticities of reproductive components when these are properly scaled to take account of
reproductive costs. Elasticities are defined as the proportional change in a fitness component with a
proportional change in the trait contributing to that component (e.g. the proportional change in the
fitness per seed with a proportional change in seed size). For the simplest reproductive design models,
selection will favour the equalization of the elasticities of all female hierarchical provisioning and
packaging fitness components or all male packaging components, both in single sex models or cosexual
models. For simple cosexual models, selection favours allocation to each sex in proportion to the gender-
specific fitness elasticities. More generally, selection tends to equalize all component elasticities when these
are properly scaled to account for the total resource costs of changes in each component. The models are
extended to cover more complex biology, including links between female and male packaging
components, packaging components that contribute to the fitness of both genders, accessory costs that
may or may not contribute to both genders, and allometric costs and trade-offs. As assumptions about
fitness interactions and life history trade-offs become less restrictive, the models more closely approach a
general equal-marginal-advantage model. The models provide tools for understanding how and when
different components of the reproductive design constrain and selectively impact each other. The utility
of the model for aiding in the design and analysis of specific research problems is discussed with reference

to some empirical examples.

1. INTRODUCTION

For the last several decades, simple theoretical models
explaining the partitioning of reproductive allocation
in plants have existed. These include offspring size and
number models (Smith & Fretwell 1974; Lloyd 1987;
Venable 1992) and models of sex allocation (Charnov
1979; Charlesworth & Charlesworth 1981; Lloyd
1984). The empirical literature shows that botanical
interests have grown beyond the scope of these simple
frameworks. Plant ecologists recognize that, due to the
modular construction of plants, seed number is a vector
of hierarchical packaging decisions: the number of
seeds per fruit, the number of fruits per infructescence
and the number of infructescences per plant. Each of
these hierarchical components of seed number has its
own evolutionary ecology and many are active areas of
empirical pursuit. For example, seed number per fruit
has important consequences for seed predation (Brad-
ford & Smith 1977; Herrera 1984), seed dispersal
(Augspurger 1986) and sib competition (Casper 1990;
Casper et al. 1992). Likewise, the number of fruits per
inflorescence may impact frugivore behaviour by
affecting either attractiveness or handling time in-
volved in feeding (Schupp 1993).

When seed number is considered as a hierarchical
packaging strategy, some of its components are
intimately related to floral traits and it becomes more
difficult to justify ignoring male function in cosexual
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plants. The number of fruits per inflorescence is
influenced by the number of flowers per inflorescence,
if only in that it must be less than or equal to it (unless
one considers fruits that separate into separate units
which take on the ecological functions normally
pertaining to the whole fruit, e.g. Crossosoma). Simi-
larly, the number of infructescences and inflorescences
per plant are intimately biologically related. Thus,
seed provisioning and packaging decisions impact
flower size and number decisions through the rich
frequency-dependent interplay of female and male
function.

Male function is also a set of hierarchical pro-
visioning and packaging strategies. How large should
pollen grains be? There are interesting relationships
between pollen size and style length (e.g. Williams &
Rouse 1990; Kirk 1992) and pollen size and selfing
(Barrett et al. this issue). Pollen grain number can be
divided into the number of pollen grains per anther (or
even per dosage in species with carefully controlled
within-anther dispensing strategies; e.g. Buchmann ef
al. 1977), the number of anthers per flower, the
number of flowers per inflorescence and the number of
inflorescences per plant. Each of these levels has its
complex ecology related to pollinator behaviours such
as transport and consumption of pollen, or visitation
frequencies and durations (Harder & Thomson 1989).
For example, having more flowers per inflorescence
sometimes leads to greater attractiveness and more
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visits per flower (Rodriguez Robles et al. 1992), but
also more geitonogamy, the impact of which varies
with the breeding system (Harder & Barrett 1995).
More pollen grains per anther may make a flower more
attractive to pollen collecting insects and result in more
or longer visits, but a declining fraction of the grains
may be successfully transported to appropriate stigmas
(Harder & Thomson 1989).

Selection operates simultaneously on the hierarchical
components of reproductive design. In this paper I
develop theoretical tools for considering all of the
components together. The model can be used to
address the following questions: How does selection on
different components of female and male fitness
interact? Are there simple rules that explain such
interactions? When is it safe to consider the evol-
utionary ecology of subcomponents of the reproductive
design in isolation? What is being left out when we do?

2. MODELS

First I will consider seed size and number models
from a hierarchical-packaging point of view. Then I
will progressively add the complications of cosexuality,
cost allometry, and interacting male and female
reproductive components.

(a) Seed size and number with hierarchical
packaging

The standard Smith—Fretwell model is a convenient
starting point because it is familiarity (figure 1). An
often sigmoidal curve gives the set of feasible seed sizes
and corresponding seed fitnesses for a plant species in
a particular environment.

Algebraically, fitness for this model is described as
W(s,n) = nf(s) where ns=R. W equals maternal
fitness (here a function of seed size and number), s
equals seed size, f(s) is the seed size fitness function for
a plant species in a particular environment, graphed
above as a sigmoidal curve, n equals seed number and
R equals the resources available for making seeds. The
first equation states that maternal fitness equals the
number of seeds times the fitness per seed (which
depends on seed size). The second equation explains
how seed number is constrained by seed size and
resources.

This model can be converted into a hierarchical
provisioning and packaging model if we redefine seed
number to be the product of n (= number of seeds per
fruit), N (= number of fruits per inflorescence) and J
(= number of inflorescences per plant). The complex
ecology of each hierarchical number component can be
considered by expressing the fitness of each by a
potentially nonlinear general function: W(s,n,N,J) =
ST S (N) [ (n) f;(s)  subject to JNns=R. The
evolutionary problem, as in the simple Smith—Fretwell
model, is to find the provisioning-packaging strategy
that maximizes maternal fitness.

This can be done by maximizing W (s,n, N,J), subject
to the resource constraint, using the technique of
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Lagrange multipliers (see Chaing 1984; Lloyd &
Venable 1992; Venable 1992). This technique brings
the resource constraint into the function being maxi-
mized, in such a way as to insure that the constraint is
satisfied at the fitness maximum. The Lagrange
function for the above problem is:

L=J,() (N fo(n) Js(s) = A(S Nns—R).

Notice that when the resource constraint is satisfied,
the term to the right of the first minus sign drops out
and the Lagrange function is the same as the fitness
function. The technique involves finding the partial
derivative of L with respect to each packaging
component, also treating A as a variable, setting each
derivative equal to zero, finding the simultaneous
solution and checking for sufficiency conditions.

The partial derivative with respect to each variable
has a similar structure which can be illustrated with
the partial derivative of J:
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After setting each partial derivative equal to zero,
the simultaneous solution is found by solving the first
four equations for A and setting them equal to each
other:

olnf,(J) _ Oln f(N) _ dlnf,(n) dln f(s)

= 1
Oln J oln N Jlnn Olns ()

JNns = R.

Thus the fitness-maximizing values of seed size, seed
number per fruit, fruit number per inflorescence and
inflorescence number per plant are found by equalizing
the slopes of the component fitness functions with
fitness functions and size and numbers expressed on log
axes (cf. Venable 1992). This equality must further
satisfy the condition that the product of the numbers
and size equals the resources available for making seeds
as reflected in the last equation. The appropriate
sufficiency condition to insure a fitness maximum



