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INTRODUCTION

Dispersion and density of plents have been of interest for a long
time, primarily from the viewpoint of intra and intexspecific competition
(Clark and Evans 1954, Thompson 1956, Harper 1941a and b). More recently
an interest has been expressed in the role of herbivorous insects on
plant dispersion and density. Seed predation both before and after
dispersal can be substantial (Janzen 1971).

Seed predation may affect gene frequencies and thus have evolu-
tionary effects. Given certain environmeatal constraints, seed predation
by squirrels may lead to character displacewent in pines and thus niche
shifts (Smith 1970).

Seed predatior may also affect popuiation rvegulation. If the
nunmber of adult plants is bolow the nunmber of possible sites for adult
plants because too few seeds survive predaticn both to hit and germinate
at all the 'safe" sites (Harper 196la), thon seed predation limits
abundance. Predispersal seed predation by obligatcrily or facaltative
host-specific predators can thus theorstically ceuse a lower density of
adult plants than that expected by interspecific competition alone.
According to Janzen (1971}, a lower density presumably could allow
increased plant species diversity in an area if each plant species were
affected in this manner. In intertidal aninal communities in which space
is a limiting factor, Paine (196G} has shown thiat even a single predator,
by rveducing the deminant species' population level, can increase species

diversity as the populations of the rarer species increase. Predatioa is



among the theories for factors affecting species diversity according to
Pianka's review (1966).

Parent plants are not likely to be equally affected by sead
predators due to parental resistance to insect attack, specifically
nonpreference, antibiosis, and tolerance‘[Painter 1951) . Nonprefzrence
(the insect prefers not to lay its eggs on, eat, or live on one individual
as opposed to another individual) and antibiosis (adverse effect on the
growth, survival, and/or fecundity of the young or adult insect)} may be
due to a plant's chemical defense or nechsnical defense. Tolerance on the
other hand, is a rveaction by the plant which shows its ability to grow and
renroduce or to repair itself to a marked extent despite supporting an
insect population equivalent te that injuring a suscepiible host. Flant
breeders expend much effort separating plants which appear resistant in the
field into those which truly have characters conferring resi~tance and
those which have pseudo-resistance; that is, by chance, they escapad insect
herbivory.

Escape by plants in space in natural ecosystens basically depands
on the time and energy budgets of their predators. What is the best
foraging strategy of a predator? Much has becn written on this problenm

in other contexts (e.g. review by Schoener 1971), but for this discussion

ot

I would like to point out that all other things being equal that an insec
seed prodator {who is energy and time 'wise') will be most likely to attack
a near plant within the range of 1ts senses. Relatively isolated plonts
should have a lower infestation rate than those in a dense stand if the
predator differentially responds to varying plant dispersion patteins and

if the dispersal agents responds to plant dispersion less than the predator



does (Vandermeexr 1975). The advantage a nlant may have dus to a greater
isolation may be diminished as the time a predator has to find it is
increased. Pielou (1962) found that relatively isolated Douglas fir trees
were as likely to be attacked by a root rot fungus as more crowded trees.
She noted that this may be because it was studied a long time afier the
initial attack. By then the roots of at least 93% of the trees touched
and any possible advantage due to original isolation was Jost,

In previous models (Janzen 1970, Vandeimeer 1975), the plant's
strategy has primarily been seen in terms of how fast a plant can preduce
seed and get them dispersed before they are eaten. The effects of preda-
tion on seeds and seedlings onc. they are dispersed from the pareat are
seen to be of primary importance and have been modelled, For instance,
Jarzen (1970) has wodelled the effects of two types of postdispersal seed
ond seedling foraging strategies: the distance-responsive predator and the
density-responsive predator as well as different patterns of diswersal.
Strong host specificity whether facultative or obligatory is assumsd for
the model.

However, some plants do not have this problem. They are heavily
hit by predispersal predators but predation by host-specific postdispersal
seed or seedling predators is relatively minor. Seed and seedling survival
is largely determined by physical, competitive and other factors of the
site rather than by host-specific seed predators.

In some of these kinds of plants the seeds are hit too early in
development for the plant to have much advantage in rushing dispersal. One
strategy to deal with this is to produce more flowers and developing embryos

than can be supported to maturity. Though many ovules and embryos may be



lost, the nuwber that survive may still exceed the nusber which can be
supported to mature seeds. Abortion of extra embryos would be part of this
system.

For an outcrossing insect-pellinated plant, seed predators are not
the only insects with which it must interact. Pollination, in addition to
escape from seed predation, is iaportant {for seed production. Jusi as an
energetically 'wise" seed predator will likely choose the nearest desirable
individual, we expect a "wise' pollinator to de likewise.

Thus we expect predispersal fitness In an obligately insect-
pollinated plant species to be affected by pollinators and host-spacific
predators which are both influesced in their foraging by the dispersion of
the adult flowering plants. Note that this concept may be integrated into
other models in systems in which postdispersal predation is important or
nsed directly in systems in which host-specific postdispersal predation is
not important.

In this study I seek to model the effect of host-specific
predispersal seed predators on the reproductive fitness of individuals in
plant populations. Various paramcters of the individuals are varied
including distance to nearest nelghbor, flower production, and plant size.
I also seek to model the effects of these parameters on an obligately
insect-pollinated species. Predictions are made from these models of a
system in which both insect pollinators and host-specific predispersal seed
predators are important.

The models were tested with data collected for natural populatiens
of Doptisia australis, blue wild indigo, and B. leucophaca, plains wild
indigo, on Kenze Preiric und the adjacent Dewey Ranch in Geary and Riley

counties in Kansas.



MOGEL DEVELOPMENT

I developed a series of models for how the reproductive aspects
of a mature plant's fitness would vary with its isolation frow other plants
of its species. All models assume that the greatest mortality of ovules
occurs by host-specific predators before seed dispersal. While it may be
possible to relax this assumption, this was not done.

Isolation may be defined in terms of the relative isclation of a
population from other populations, the size or density of the populatim
in which an individual plant is growing, or the relative isolation of a
plant within a population. The relative isolation of a plant within a
population will be discussed herc. Vandermeer (1974) inferred from a
study of seed predation in a Guatemalan legume that isolation of an indi-
vidual within a population rﬁther than cccurrence of an individual within
a "sparse clump or a hyperdispersed area" contributed to a reduced
predation rate.

Janzen (1970) defines two possible strategies of a sced predator
which is seeking dispersed seed. The distance-responsive predator responds
to the distance from the parent plant to a seed, irrespective of the
distance between seeds. I visvalize the distance-responsive predator as
leaving a plant in search of seed but returning to the base plant
pericdically. For instance, after travelling a set distance from the plant
without finding seed, the predator might return to the plant and then start
searching for seed in a different direction. The distance-responsive
predator would return te the plant after both cuccessful and unsuccessful

searchas for seed. The density-responsive predator responds to the density
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of seeds, irrespective of the distance of the seed from the parent; thus,
the distance between seeds and number of seeds rather than the distance
from the parenﬁ plant 1s the important parameter for the density-responsive
predator. In the system Janzen modeled, the seed predator fed on seeds
both before and after dispersal.

For Baptisia, a moblle predator moves from plant to plant. This
mobile predator and/or its immature offspring attack the seeds on the
parent plant. The predator strategies as defined by Janzen would not be
strictly applicable since the dispersed sseds or juveniles are replaced
by co-equal adult plants. In this type of case the distance respoanse if
it occurred would probably occur enly on unsuccessful foraging trips. That
is, the predator would return to its last occupied adult plant only if it
did not find a new adult plant within a certain ecoleogical distance., If
rn Yecologically close! plant is found the predatoer musi leave the plant
entirely. At that point chance events as well as biological properties of
the insect will operate to determine which, if any, other plant will be
found by the adult insect. In another type of distancec response, the
predator might return to the plant visually rather than physically. In
this way it could cover the area around the base plant in concentric bands
(the diameter would depend on the species, environmental constraints, etc.).
If a new plant is found, it could theoretically become the new base plant.
At the limits of its perception of the base plant, the predator would again
have to leave the base plant entirely,

The density response might be manifest only in those cases where
other plants are perceived before taking off and the plant with the most

seeds is selectively attacked irrespective of its distance away relative



to the other plants within the distance of perception. Another type of
density response would occur if the predator preferentially chose indi-
viduals which were in clumps. In fact both responses could occur within
the same species of predator. For now let us assume that the plants in 2
population are equal with respect to potential seed production.

How would these responses affect a plant's fiitness with increasing
isolation? The distance response on unsuccessful foraging trips would
theoretically lead to close plants being more likely to be found by
predators than far ones. Likewise, the density response has to work within
chance events and biological limits which themselves support a decrease in
insect attack with increasing isolation. Thus, the demnsity risponse would
also reinforce greater infestation of near plants than far plants.

As the distaence to another plant of the same species decreases,
the probability of finding the meighbor should theoretically increase. 7o
visualize this, picture a set of concentric circles arownd a point, which
represents an insect on the base plant (see Figure 1). A plant of
constant size is drawn on the concentric circles at various distances from
the center plant. Note that the angle the neighboring plant intercepts
decreases with distance. This relationship is: & = 2 tandl(a/2b)5 where

€& = the angle the neighboring plant intercepts, a = the width of the
neighboring plant, and b = the distance to the neighboring plant., Thus,
if the sced predator adult finds its host plant at random the probability
of finding a more distant plant should be less than finding a nearer plant
of equal size due to chance alone., If the seed predator adults use visual
signals from its host plant the magnitude of these, too, are likely to

decrease with distance (e.g., Mayer 1975). 1f the seed predator adults



Figure 1:

The angle a plant intercepts on a weevil's horizon. The
angle an object intercepts decreases the farther it is
away from the point of observation. The center point
represents the weevil. The line a represents a plant of
size a at various distances b from the weevil. The angle
® is the angle the plant intercepts on the weevil's
horizon. The angle & is equal to 2 arctan {a/Zb).
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use olfactory signals and if plant chemicals are dispersed like moth sex
attractants, these signals would likely remain strong for some distance
{inversely proportional to wind speed) and then decrease with further
distance (see model by Bossert and Wilson in Wilson, 1963, for the active
space of the gypsy moth sex attractant). Biological and chance events may
interact in determining the probability that a plant is attacked.

Thus, several lines of reasoning support the hypothesis that the
probability that a plant will escape from host-specific herbivory increases
with increasing isolation. An energy '"wise' predator mentioned in the
introduction would yield this result. Chance as well as biological limi-
tations of the sensory apparatus of insects would yield this same predic-
tion. Data from a tropical natural pcpulation of legumes (Vandermeer 1974)
also support the hypothesis.

For flowering individuals attacked by Hostmspecific seed predatcrs
a decrease in seed predation is expectud with incrcasing isolation.
Isolation may be measured as the distance to the nearest neighbor, which
may be either its nearest neighbor of the same species, irrespective of
reproductive condition, or its nearest flowering neighbor of the same
species., Which of the two conditions would depend on the behavior of the
host-specific insect. Some seed and fruit predators may be attracted
first to the plant and secondarily after landing, to the flowers (Bush
19743 . Others may be attracted only to plants with flowers. With the
former behavior pattern, the distance to the closest nelghbor would be a
geod measure whereas with the second type of pehavior pattern, the distance
to the nearest neighbor with flowers would be the better measure of

isolation. This relaticnship is shown in its simplest form in Figure 2A.
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Figure 2: Escape from seed predators and isolatioa. A, the degree cof
zscape from seed predaters iancreases with increasing isclation
(DNN). B, fitness of a plunt increases as the degree ¢f escape
from seed predators increases until the point at which more
fertilized ovules escape predation than can be brought te
maturity by the plant. C(, fitness as a function of escape fron
seed prodators increases as isolation (DNN) increases, for
levels of escape below that which allows fertilized ovules to
escape which can not be filled due to energy limitations. For
a discussion of a' and b see th2 text.
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As isolation increases the degree of escape from the seed predator also
increases., Distance to nearest neighbor will for the rest of this section
on model development be referred to by the acronym DNN and will be assunmed
to refer to the nearest neighbor of the same species of the plants {with

or without flowers, depending on foraging strategy of the insect under
question). Figure 2B shows that fitness should increase as the degree of
escape from seed predation increases. Fitness no longer increases after
the point at which more fertilized ovules escape predation than can be
brought to maturity by the plant. This assumes that the plant has a
mechanism to turn off energy to (1) excess fertilized ovules before a

major energy expenditure is made and (2) fertilized ovules attacked by scead
predators. In Figure 2A the degree of escape at b corresponds to a DNN, a'.
Figure 2C shows that for levels of escape helow that which allows ferti-
lized ovules to escape which can not be filled (due to energetic limita-
tions), fitness increases with isolation in a similar manner as the degree
of escape does with isolation., Fitness is 1.0 at a'. Fitness and degree

of escape from seed predators for an ovule are drawn as straight lines

with positive slopes for reasons of mathematical simplicity. Due to
behavioral characteristics of the predators, based on the sensory mechanisms
of host plant recognition, the model might be more accurately drawn as in
Figure 3. At "near" DNN's, minor differences in DNN may be relatively
unimportant., All neighboring plants at these distances are perceived and
easily reached. At distances further away epproaching and beyond the limits
of sensory perception, stochastiic processes become increasingly imﬁortant,
eventually leading to only minor variations in fitness as a function of

escape from seed predators at "large' distances. The magnitudes of "mear"



Figure 3: Fitness as a function of escape from seed predators increases
with certain increases in DNN. However at near UNN's, seced
predators may perceive and easily reach most neighboring
plants. Then there would be only slight increases or no
relationship at all with increases in DNN., At very far DNN's
the probability of being found is so low that the rate of
increase in fitness with increasing DNN is greatly lowered,
For a discussion of a'' see text.
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and ‘'large' DNN's would be determined by biological characteristics of the
insects and plants. In the models I develop, assume that the importance

of "near'' DNN's are minor. Fitness varies little with DNN as the assymp-
totic part of the curve is reached. I shali model DNN's which occur in

the region of maximum slope for reasons of mathematical simplicity and
interest. The region of maximum slope approaches the straight line
function of Figure 2C which will be used in developing the model. There

is an upper limit to the relationship between DNN and fitness either
because of the decreased slope of the function as the assymptote is reached
in Figure 3 or because predation decreases tc the peoint that the plant cen
not supply energy to fill all the surviving seeds {(Figure 2B} . DNN thus
has biologically determined upper limits determined by a' in Figure 2 and
a'' in Figure 3. The upper limit of DNN in this thesis 1s thus a' or a'‘,
whichever is lower. At this upper limit fitness as a function of escape
from seed predation is defined to be 1.0. The lower limit of NN is set

at 0, although its biological interpretatiocn may be open to question. At
the lower limit of DNN, fitness as a function of escape from seed predators
is not drawn as zero although it could be zero. Note that if fitness does
not vary at "near' DNN's, an estimate of the intercept may be negative if
based on the region of maximum slope (Figure 3).

The mode of sensory perception might easily affect the probability
that a seed predator adult will sensc a neighboring plant at various
distances away. In laboratory studies, a herbivore, the alfalfa weevil,
visually orients to the presence of alfalfa as long as the alfalfa subtends
a certain angle in its field of vision (Meyer 1975). When the alfalfa

forms at lcast that angle the ability of the weevil to orient towards the
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alfalfa by visual means remains rather constant but is reduced as the
critical angle approaches. At distances beyond, the alfalfa weevil orients
toward alfalfa no better than at random. As shown in Figure 4, I would
expect that the probability of visually orienting towards a neighboring
plant to be relatively stable fqr distances close to the center plant. As
the critical distance is reached 1'd expect the probability to decrease and
to eventually reach zexo.

The ability to detect a plant by olfactory means is dependent on
wind direction and distance to the plant. As mentioned earlier if plant
kairomones act similarly to female moth sex pheromones (Wilson 1963}, seed
predators downwind from the plant may move upwind to the plan* staying
within certain levels of kairomone concentration. The kairomone concen-
tration will remain high enough to stimulate a receptive insect for some
distance and then fall off with additional distance. How far the kairomnne
will remain at a concentration high enough to stimulate receptive seed
predators is dependent on wind speed and the resulting air turbulence.

Even though the concentration may remain high for long distances
downwind, the farther the kairomone path travels from the plant the smaller
the angle it will cut from the plant. The probability then that a seced
predator will be downwind decreases with distance from the base plant in
a similar manner as shown in Figure 1. Thus the probability of sensing
a plant using olfactory means should decline with distance. This relaticn-
ship is shown in Figure 5. Although the relationship is likely to be non-
Yipear, linearity is assumed for simplicity since although the exact
relationship is not known it should be monotonically decreasing. On the

average for 2ll plants, the nearest neighbor is as apt to be upwind as



Figure 4: Visual orientation with distance. The probability of visually
orienting towards a neighboring plant may be relatively stable

for near DNN's, As the critical distance is reached the
probability should decrease and eventually reach zero.
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Figure 5: Olfactory orientation with distance. The probability of sensing
a neighboring plant through olfactory means may be relatively
stable for near DNN's, At more distant DNN's the probability
should decrease to zero.
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downwind or parallel to the plant. Dependence on the wind to carry kairo-
mones will contribute to the variance of the hypothesized relationship
between probability of being sensed and distance to nearest neighbor.

The conclusions to be drawn from the foregoing discussion are that
(1)} whatever the strategy or mechanism of orienting towards the host plant,
the probability of the insect sensing the plant declines with DNN, and
(2) within the limitations on INN and degree of seed predation discussed
earlier, fitness as affected by seed predation increases with DNN., Certain
factors, like changing (or non-changing) wind direction or foraging
strategy are likely only to increase the variance around, but not change
the direction of, this general trend.

A graphical model of the relationship between fitness aand distance
(Model 1A) is shown in Figure 6. The dependent variable is fitness as a
function of escape from seed pr:dators. The number of filled, umattacked
seeds a plant produces in a season divided by the largest number of
filled, unattacked seeds produced by any plant in that season is a direct
measure of fitness in an annual plant and an estimate of fitness in a
perennial plant. The factors which affect this variabhle affect the fitness
of a plant directly. In a perennial plant, the size or age of a plant may
affect the amount of enerpy it can put into reproductive structures in any
particular season without jeopardizing its reproductive future. Assuming
that perennial plants are adapted to attempt the maximum number of seeds
each year that will not jeopardize future reproduction to the point of
reducing total expected life-time reproduction, then thc percentage of
attempted covules that survive as seeds is a better estimate of fitness than

is total number of secds. The percentage of ovules that produce sceds that
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Figure 6: Model 1A, Fituess as a funceion of escape from seed predators
increases with INN., The y intercept is Bl and the slopez of
the line is 82.

Fitness as a
function of

escape from ’
seed predators

{
§
4 i
v slope =B o
¥ ' [

DNN



