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Populations of insect herbivores are controlled by the availability
and dispersion of host.plant (Caughley and Lawton 1981, Dempster 1983,
Kareiva 1983), by susceptibility to predators (Hairston et al 1960,
Hassell 1978), and by weather (Strong 1984, Kareiva 1983). In addition,
recent evidence suggests that many plants are highly wvariable with
respect to 'qualities which may affect herbivore success (including
chemical constituents, nutritive quality, and plant dispersion), and
heterogeneity in these qualities appears to reduce the severity of
insect'attack (Denno and McClure 1983). In general, variability in plant
quality reduces herbivore fitness by (1) reducing the probability that a
given insect will encounter plant foliage that it can successfully
consume (Whitham 1983, Séhultz 1983, Kareiva 1983), and (2) by
preventing the evolution of a single insect genotype which can severely
damage the plant population (Hare 1983). The effect of variability on
evolving populations of insects has been modeled (see lMitter and Fuéuyma
1983, Gould 1983 for reviews). However, the effect of this variability
on insect populations in ecological time has not been explicitly

modelled.

Athough most authors do not report within- or between-plant variation
in herbivore survivorship, available data suggest that the variability
may be very great. Alstad and Edmunds (1983) have shown that
artificially transferred colonies of pine scale insects have very 1low
survival (less than 1% of colonies become established) on individual
pine trees other than the one they were removed from, and Whitham (1983)
showed that the fitness of Pemphigus aphids ranged over an order of

magnitude between different host trees and between different branches of
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the same tree. Denno (1983) reported large differences in population
density of Prokelisia 1leafhoppers as being a response to local
variability in nutritive value of Spartina foliage. These studies
suggest that plant quality, as measured by herbivore fitness or
survivorship, ’may frequently vary over a range of 1=2 orders of
magnitude or more. In general, variability of this magnitude will
result when one portion of a plant population is effectively resistent

to herbivore attack while another portion is vulnerable.

Survival of herbivores on plants is frequently found to be dependent
on the presence or absence of ants (Messina 1981, Buckley 1982, Laine
and Niemela 1980), and Smiley (in press) has shown that spatial
variation in ant attendance to the extrafloral nectar glands of
‘Passij a results in differences among plants in the average
suitability for hérbivores, ranging from 40 to 90% daily survival rates
of Heliconius caterpillars. Other herbivores require the presencé of
certain species of ants. Pierce and Elgar (in press) and Smiley et al
(in prep.) found that fitness of caterpillars of the lycaenid butterfly
Jalmenus evagoras was virtually zero unless Iridomyrmex anceps was
present, and Atsatt (1981) showed that females of another lycaenid
Ogvris amaryllis require ants for oviposition. These examples suggest
that spatial variability in the predator community may be as important
to herbivore success as other sources of variability discussed in Denno
and McClure (1983). Many predators are not uniformly distributed in
space, -and, although 1little data is available, the vulnerability of
herbivores on plants are likely to be affected by the plant's location
in the habitat with respect to factors such as the nests of ants

(Bartlett 1961, Laine and Niemela 1980, Leston 1978), microhabitats
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suitabie for spiders (Robinson 1981), 1lizard foraging ranges (Schoener
1970), other plants (Atsatt and O'Dowd 1976), or nests of birds, wasps,
and other predators. Spatial variation in the average distribution of
predators may be described as a "pfedator mosaic", in which areas or
"patches" of the mosaic differ in the composition of the local predator
community. This definition focuses on spatial heterogeneity rather than
territqrial interactions between species, which are used to define the

analogous "ant mosaic" (Leston 1978, Jackson 1984).

Since host plant nutritive and chemical quality will usually be
independent of the "predator mosaic", the effects of the two sources of
variability will be approximately multiplicative. For example, if
each soﬁrce of mortality independently caused herbivore survival to
range over two orders of magnitude, then the combined effect would range
over four orders of magnitude. In general, addition of new sources of
variability will tend to increase this range in a multiplicative fashion
unless there are compensating interactions among the factors. This
could occur if mortality caused by one agent increase in response to a
decrease in another mortality agent,‘or when the force of mortality is a
rapidly increasing function of the density of the herbivores. In
theory, an "optimally" foraging predator should act as a compensating
ageht of mortality, since it should selectively feed on prey in a
density-dependent fashion (Hassell 1978), "culling" aggregations of
herbivores on plants which are otherwise poorly defended. However,
Morrision and Strong (1980), Dempster (1983), Strong (1984), and Kareiva
(1983) reviewed the effects of predators on insect herbivores under
natural conditions, and concluded that dehsity—dependent predator

responses were rare. This suggests that herbivores on plants with an
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ineffective predator community or other form of defense will usually
not be "culled" by compensating predation. Since most other forms of
mortality are unlikely to interact wiﬁh herbivore density (at natural
densities), variation among plants in nutritive, chemical,
microclimatic, and ‘“predator" quality will probably result in large-

magnitude variation in the expected probability of survivorship.

In this paper, I develop a medel for plant-herbivore interactions
which incorporates large-magnitude heterogeneity among plants in
herbivore survivorship. I begin by analyzing the stability properties of
a simple system consisting of the he;bivore population and two
categories of plants, and then proceed to analyze multiple-plant systems
using computer simulation and algebraic arguments. From this I deVelop
a graphical analysis and analyze two examples from my own research.
Finally, I discuss some of the implications of the models‘ for

understanding the interaction between plants and herbivores.
MODEL FOR PLANT-HERBIVORE INTERACTION

Plants typically interact with insect herbivores on two time-scales.
Herbivores remove foliage or otherwise affect plant biomass over a very
short time scale, usually days, and they may affect plant reproductive
success over a much longer time scale, typically several years or
longer. Insect herbivores typically respond to plants on a time scale
of one year or less.b In the present model I examine the interaction
between plant biomass and populations of insect herbivores over a short
time scale (Caughley and Lawton 1981), and do not specifically examine

the effects of plant reproduction.



A

=

Sd8s 0 spuilod 3?&&9;»&91@%@@2

"

ve¥Eb yilsvsy \sisva smid u

Wiisgrednt 883 suimexe iriskaﬁ

foste 5 39v0 serovidysd Josaal ¥o o




Smiley ' "page 6

To begin, I modelled a homogeneous plant population. I assumed that
changes in plant size or biomass (s) may be modeled as plant growth rate
(rs) minus herbivory rate (H), expressed as:

ds/dt = rs - H (1)

I also assumed that changes in the number of mobile adult insect
herbivores ‘(n) may be modeled as the rate of production of new adult
herbivores (H/p, where p is the amount of plant material required to
produce one adult herbivore) minus the death rate of adult herbivores
(nu)

dn/dt = H/p - nu (2)
Finally I assumed that the rate of herbivory (H) is determined by:
H = nbcp (3)

where b equals the herbivore per capita birth rate Z=egg production rate
for most insect herbivores) and c equals the -probabability that newborn
herbivores survive on the plant. 'c' is thus the parameter which
expresses the suitability of plants for herbivore survival on the plant.

Table 1 lists these terms, with definitions.

Equation (3) assumes that juvenile herbivores have an equal chance of
survival on all plants (c),\ i.e. that plants are homogeneous. For this
model (equations 1-3), the herbivores undergo exponential decline or
growth, depending on the sign of (bc-u) and the availability of host

plant.

Plants which are effectively protected against herbivory cannot grow

indefinitely. I assumed they could grow to some maximum size s0, beyond
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which growth ceases. I incorporated this into the model as exponential

plant growth up to a cutoff at s=s0:
=10 (constant) fer s ¢ &0, r=0 for.s > &0 (4)
or, alternatively, as logistic plant growth:

r = r0(l-s/s0) £5)
where r0 is the growth rate of small plants. Equations (4-5) represent
extremes and probably bracket more realistic functions which would have

growth rates decline rapidly but not abruptly near s=s0.

With either equation (4-5) combined with the model in equations (1-
3), herbivores always decline to zero (except for the unlikely case when

bc = u). This happens because when bc > u, herbivores increase until

i

A S 1 RS
the plants are defoliated, and then the herbivore population crashes, i«.

i 2L el (.l(?.is
and when bc < u the herbivores decline immediately. These models »
Ze o

incorporate very simple assumptions about the interactfon,between plants
and insect herbivores, and are highly unstable. In order to provide
more useful, stable models, Noy-Meir (1975) and Caughley and Lawton
(1981) made additional assumptions about the effects of plant. and
herbivore density. .~ Their models are most applicable to vertebrate
grazing systems, which exhibit measurable density-dependent effects. As
discussed above, populations of insect herbivores in natural systems
typically do not exhibit measureable density-dependent components at
most densities. Strong (1984) and Dempster (1983) have suggested that
most populations of insect herbivores are not requlated by density-
dependent effects except when they occasionally'reach high densities,
defoliating their hosts. I have followed this reasoning in the present

paper, and do not explicitly incorporate density dependence into the
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equations for herbivore numbers.

I incorporated heterogeneity among plants in herbivore survivorship
into equations 1-5 by assuming that the habitat contains n categories of
plants (1,2,..i..n), each with biomass S and probability of juvenile
herbivore survivorship c . I assumed t;at c is a constant for each
plant, and that two plant; with the same c wﬁ;? identical in terms of
the model and may be treated together. ;hus, I assigned each plant
within a habitat to plant categories based on the suitability of plants
for survival of juvenile herbivores. Equations (1-3) then take the

form:

ds; /dt = rs, - nbpc; D (i) : (6)

dn/dt nbc; D(i) - nu . L)

D(i) 1is a function which distributes newborn herbivores (eggs) across
the host plants. I initially assumed that the distribution was random
with respect to foliage biomass, i.e. that each unit of foliage biomass

has an equal probability of receiving eggs. In that case,
D(i) = s /S (8)
where S equals the total biomass of all plants summed together.

Equations (6-8) require that the values of ¢ be equal to juvenile
su:vi?orship, and that all surviving herbivor;s are identical. Iif
juveniles die in the pupal stage or otherwise after leaving the host
plant (with survivorship probability = Q) , the additional mortality has

the effect of increasing the average amount of plant biomass (p)

required to produce one adult herbivore (p = p'/Q, where p' is the
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Smiley page 9

amount of host plant consumed by one surviving herbivore). If adults
are not identical, but have fecundity or adult survivorship influenced
by the host plant (Rausher 1983), another function would be required in
the equation for herbivore change (7). I have not modelled such

functions in the present work.
STABILITY ANALYSIS OF TWO-PLANT MODEL

To investigate the qualitative stability of the model in equations 4-
6 I analyzed a two-plant model in which plant 1 has few predators and
conditions are favorable for herbivore increase but plant 2 has a highly

effective defense and ¢ =0. In such a case, s increases to maximum

: 2 2
size s0:
dsl/dt =EE nb% Pﬁ./(% +s0) [§z=s0] (9)
ds, /dt = 0 '
dn/dt = {nb G 5 }/{s’+so}-un [qz=O] (10)

|

The zero isoclinés of model 7-8 were found by setting equations 7 and 8

equal to zero and solving for s (letting s =s and ¢ =c):

1 : ]
s = bepn/r - s0 [plant growth isocline] (11)
s =us0/(bc-u) [herbivore population isocline] (12)

A - ?
‘;\\5‘1;’; See 41 L

A positive equilibrium can exist only if (bc-u)>0, i.e., per capita
production of new adults (bc) must be greater than the per capita death
rate (u). This means that the herbivore must be able to increase when

feeding on the most favorable plant in its habitat.

To evaluate the behavior of the model away from equilibrium the signs

of equations 7 and 8 were evaluated at various points in the phase-plane
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(see figure 1). As with most predator-prey models (May 1981) the point
traﬂectorieé were found to move tangentially around the equilibrium
point, suggesting that the model is oscillatory. The angle of crossing
of the isoclines also suggested that the system is unstable, using the
method of Rosenzweig and MacArthur (1963). However, the signs at n = 0
and s >> 0 indicated that as n approaches zero, the decline in herbivore
numbers is slowed without affecting the increase in s, allowing both the
plants and the herbivores to recover. Likewise at s = 0 and n >> 0 the
decline 1in planf size is slowed while n continues to decline, allowing
the plants to persist until the herbivore population becomes rare enough
that the plants can recover. Thus, althoggh the equilibrium point is
apparently unstable, the system appears to be protected against either s

Oor n collapsing to zero.
A stability analysis around the equilibrium point:

g s0/ (bc-u) (13)

3]
]

& - rs0 / (bc-u)p (14)

revealed that the sign of the real part of the eigenvalues of the
associated Jacobean matrix was positive for (bc-u)>0 (Appendix I). This
ﬁeans that the model is unstable near equilibrium, confirming the result
of graphical analysis. Computer simulation revealed that plants and
herbivores in model 7-8 oscillate in cycles with increasing amplitude
(figure 2; solid line). A global stability analysis revealed that the
cycles increased indefinitely when bc > r+u, but were finite in number
when bc < r+u (Y. 1Iwasa, personal communication). In the latter case,
both plants and herbivores grew indefinitely after a finite number of

cycles.
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Plant growth limitation was not imposed in the above model. The
effect of the plant growth ceiling (equation 4) was té impose a limit
cycle on the otherwise diverging system, as shown by computer simulation
in figure 2 (dashed line). Incorporating the logistic plant growth

model (equation 5) modified equation (9) as follows:
ds/dt = r(l-s/s0)s - nbcps/(s+s0) [r=r0 in (5)] (15)

The plant growth isocline for this model (equations 10, 15) was

determined to be:

N

2 ) -

z\ i
>, S8 = 80~ {bcp(s0)/r}in [plant growth isocline] (16)

with the herbivore population isocline remaining unchanged (équation
11). When both isoclines were plotted as in figure 3 and analyzed using
the method of Rosenzweig and MacArthur (1963), the oscillatory nature of
the model was seen to be preserved. However, the angle of the isoclines
was changed so that the equilibrium point appeared by inspection to be
stable. Stability analysis around the equilibrium confirmed this, with
the real parts of the eigenvalues always being less than zero for (bc-u)

> 0 (Appendix II). The stable equilibrium points were:

= {fu (s0)} / {bc-u} (17)

n {r(s0) / p(bc-u)} {1 - u/(bc-u)} (18)

Computer simulation incorporating logistic plant growth revealed cycles
of decreasing amplitude converging on the equilibrium points, as

predicted by the stability analysis.

This analysis of the two-plant heterogeneity models (equatioﬁs 9,10

and 15) revealed that they have very different stability properties from
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the analogous models withouf heterogeneity (equations 19%). In
heterogeneous systems, herbivores cycled in abundance or reached an
equilibrium with the host plant population. When vulnerable plants
became rare, the herbivores began éxploiting the protected plants.
Herbivore production then declined at the saﬁe time as the plants began
to recover. This process conforms to that in other types of models in
which density-dependent effects have been explicitly formulated to allow
plants and herbivores to recover when rare (e.g. Caughley and Lawton
1981). S A on

MULTIPLE PLANT MODEL® x
5,{;3 WA ‘T»‘";g:\“j A ;‘!:/ t'-'%;“‘[r"f;, § {5 i

In nature, multiple factors interact to determine the avirage

survivorship ¢ of herbivores on a given plant, and the values of c ! lie

aldng a continuous spectrum of herbivore survivorship probabili;ies.
; Since the effects of independent sources of mortality on vsurvivorship
are multiplicative rather than additive, and because values of c are
typically Very small (<0.1) it is most useful to represent the spéctrum
of plant suitability on a logarithmic scale (Varléy 1975) . For
simplicity, I initially modelled 10 categories of plants which were
uniformly distributed across a range of this spectrum. For example, the
plants in the simulations in figures 4 anquave ¢ values equal to
0.003, 0.005, 0.009, ..., 0.333. Here, the ézlues o; ¢’ ranged over two
orders of magnitude from 0.003 to 0.333 in a geometricl(multiplicativef
series. The range of these values encompasses estimated survivorship
probabilities for Heliconius feeding on Passiflora plants with (p=0.006)
and without (p=0.11) attendant ants (see below). Other model parameters

used initially were r=0.05/day, s0=100 leaves/ha., b=2 female eggs/day,
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“ p=5 leaves, and u= 0.07/day. These values correspond approximately to

parameters estimated for populations of Passiflora and Heliconius
species (Smiley 1978 and Mallet 1984), which maintain low-density

populations in rainforest habitats in the neotropics (Ehrlich and

Gilbert 1973). A (naert

V4

R

Some of the plants represented in the multiple-plant model may become
defoliated (s' ii 0), and since growth rate is proportional to size
(equation l)i these plants cannot recover qﬁickly from defoliation.
Since plants in nature generally have stored reserves which enable them
to recover from defoliation, I incorporated a minimum plant size of 1.0
leaves into the simulations. This procedure allowed plants to recover
from defoliation if herbivores were not too numerous, but did not
otherwise affect the outcome of the model. I assumed that these
"reserve" leaves were unavailable to the herbivores, as would be the

case if their biomass were in the form of stored reserves rather than

actual foliage.

When simulated with the plant growth cutoff model (equation 4), the

10-plant system converged to a limit cycle of small amplitude (figure

e rlid lrnes
/*, vy

4y The three most-suitable plants (8-10) became defoliated at

equilibrium, while the six least-suitable plants (1-6) grew to full size
R

(figure 5) . Plant 7, the “marginally‘suitable" plant, cycled in size
with the herbivore population. When simulated with the logistic plant
growth model (equation 5), the system came to a stable equilibrium

Io yﬁf’d I?Zx L &
(figure 4Y. The three most-suitable plants were nearly defoliated, and

S0

O

the 4-5 least-suitable plants grew nearly to full size (figure 5y.
Plants 6 and 7, the marginally suitable plants, remained at stable,

intermediate sizes. Thus, a similar pattern resulted from both models.
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The ieast suitable (best protectéd) plants grew unhindered by herbivory,
the most suitable (least protected) plants become defoliated and were
unavailable for the herbivores, and the marginally suitable plants were
partially defoliated. This suggests that the marginally suitable plants
support most of the production of herbivore adults, and constitute the
principal host plant resource for the herbivore population at

equilibrium.

To quantify which plants were producing most of the adult herbivores,
I determined the position and breadth of the peak in herbivore
production along the logarithmic axis of plant Suitability. (x =
Inftc 1). I first considered the logistic plant growth model, which

i
- converges to a stable equilibrium. For this model, equilibrium plant

mod ?f*":"“? F5> for m L\)H'!Pi( {""n Ce k{("?cu e, £¢
sizes may be derived by settding equation to zero and rearranging:
- g (JQ\/QV'M Cin 2
s =50 - {nbps0 / rS} c_ i [ aa T £ (19)
l l < {_'jc,Mp ~‘ wzwr, [ 9% . w G

G \/\CL v\f‘«"‘j \ C“(
This is a linear function of c . Ff-ec—4s def&ﬁeé~as the value of

15 m
(o] for the marginal plant 'm' (i.e., the x-intercept of the line in
i [67 Thaw,

equation 17 or the curve in Figure E}, herbivore production (a(i) by

st "Wakee S, =0,

a(i) = {nb[si 1/} ¢ = {nb[s0 - (sO/cm)C; 1/8} (20)

~

Converting to the logarithmic scale and integrating (Appendix IIIW, this-

function yields approximately 80% of herbivore production by plants
positioned along the axis of plant suitability within 2.3 log units of
X , where X =ln[c ]. Similar calculations using the plant growth

cgtoff modelm revegled that over 90% of the egg production occu{gd on

plants within 2.3 units of X (Appendix III). This is an overestimate,
m

2 H1n



[
K Vil : Crsetin, o ploch (nessuiivgiggessity;
frov. S0t Sx by dtbz'd»{-rjsaéj W, (B Png Bics
C. 'fajkfertru) R =y sca/«b;tdy T p lant
g rew egudlol— T o X = aMS . o vt plont
;ufu;‘v—éi//'-/y TR o allews ey ratian Cef
plead Pwdkm,m (greawB aloms Pu x-axis,
cotbal 9 Luis cmua,Q as cvmémm; Tran Améwaﬁu_.

@"PDGL“‘%M &Z M"“’Q’DL‘F-*Q& P(cwd‘ Cai.ejamu

T= OU?-‘(‘C!'MN l'wbu w-oah.Q ’@WW‘—U"—M—A (5“‘4‘* wd
birikiir s, GLLaJh«-/ ﬁ‘v:,oosl‘fze—w— Vaﬁu aMch[Mf SlZL:)

mlghﬂ‘ = Cm 5 f//vMA 0(4_:;&/! WLLA.CJA_ P QW
becomie AL&VQ«A)&D( ok w&,LclA. ,D[a'l«"‘s /ﬂ’\a MS”A 3’4
‘P I EiTowe foa?w@mm) i€ Scréu-t.d KVL X

f?ﬂ/vu’f‘j O e L“Ld\ iz\;_,rb[u-m OLMM /‘a.:éﬂ /5 e
Q_‘tﬁ-wa,ﬁ 1o des fotal ey Livere /ﬂrod.uccjlm«_,
reatl il o ke a,«,gf; ,\oxrm,;t,@ (ﬁﬁf«é«ﬂ&(/—x _Z?I-*Es') :

™~

Wﬁjﬂf’ | &%{ no Ane ek d& Mol = p (aeed b @qqs ~ L8

to ot ol G, Vow ko ilhan “ravy
ey e Wity teves ) Lile ot



s )

Smiley : - page 15
since I assumed that the sizes of the "marginally suitable“h;iants have
size s0 when in fact they cycle in size. Cycling should tend to spread
the herbivore production over more plants. However, the simulations show
Lhat this effect is small (Figure 5¥% %hus, a relatively small subset
of host plants (within an interval of 2 along the logarithmic axis of
plant suitability) contributes 75-90% of the production of new herbivore

adults to the herbivore population. S ‘ ; : s

g s TS S it i

;M To determlﬁuﬁ whlchAplants beeome~defotrate&~andef~a-gtven"setr~ef '

Cdb‘-—l—aiu_d
“model—parametersy—-{pltants—i—where e ), I determined—the

, »pos+%&en*owa”“ﬁIS“““fﬁﬁ”T8“5?TfHmTCMaszmoprTﬁﬁtmgﬁTfﬁb1L1cy. >FUL the

m e rbivore
~log&ﬁ&&gmwplantmg&ew%hmmoﬁETmﬁf“eguifT§}1Uﬁ?* theApopulatlon death rate

- equals the production of new herbivore adults (a), which is
§ o -5)

approx1mately (Appendlx 222) - R

L e

—kgn-‘= a =% (nb sx qh)/zs | 3 (21)

with ¢ as defined above, S equals the total plant biomass at
m
equilibrium, and S = s0/W, where W is the interval along the x-axis

: X
included within plant category i (W =* 1n[l1.7] = 0.5) for the models in

add nofe hos
flgures 4 and 5). % Phis may be solved for ¢ or X , respectively:
Eguatronfel) m m
G =* 2(u/b) (S/Sx) or X =f in[2(u/b) (S/Sx)] (22)

The inverse of u/b is equal to the oviposition rate times the expected
lifespan of a newly eclosed adult (1/u). This ratio should be sensitive
to changes in the habitat of the adult herbivores, since factors such as
plant spacfﬁg, predators, and weather conditions which increase b are

likely to reduce u, amplifying the effects. In contrast, S/S should be
' X

S R
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‘relatively stable, sinceJ/factors which decrease S, the total plant
biomass, should also deCF?ase S , a subset of the total plant biomass.
The calculations abové%féuggesi# that variation in the u/b ratio is
likely to alter the position of X in the model, without affecting the
width of the peak in herbivore prgduction.

mo d,;é%r d
I tested these predictions using the 10-plant simulation model with

logistic plant growth. As illustrated at the bpttom of Figure S, over
75% of the production of new herbivore adults was produced by plants 4-
7, a "span" of 4 plant categories. The value of x (x = In[c ])
increased by 0.5 in each successive category, which, added togethér,
gave an overall span of 2.0 between the highest and the lowest value.
This is close to the predicted value of 2.3 for the logistic plant
/Qrowth model. The same 5pan produced over 90% of the new adult
herbivores in the plant growth cutoff model at the top of Figure 5, also
as predicted. To Méﬁgi equation (225 I simulated changes in the u/b

ratio for a system in which ¢ =0.001 and ¢ =1.0, with &#1 other

. tne Samd min max
parameters remaining censbant. S /S changed from 0.48 to 0.20 as a
; X
result, illustrating that large changes in the u/b ratio cause only a
(Mrvele fine
small change in the S /S ratio. In figure 6 plotted X , the 1log-

X m
suitability of the marginal plant, as a function of the u/b ratios -fer

. —several—models—ineluding-the-the-randomoviposition ~model ~considered™

~heTe. As predicted by equation (22), X varied in proportion to u/b,
m ' L
and was approximately 2 log units greater since 2(S/S ) ranged from 4 to
X
10. These simulations indicated that equation (22) accurately predicts

equilibrium values of the model.
The form of equation (18) suggests that the equilibrium nuﬁber of

N

adult herbivores (°n) is directly proportional to plant productivity
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(rs0). I tested this by varying rs0 from 0.5 to 50 in the 10-plant
simuiation and found that “n remained in exact proportion. Since plants
with wvalues of ¢ near ¢ produce most of the population of

herbivore adults, lI reasoged that the productivity of these specific
plants actually determined the number of adult herbivores. To test
this, I altered plant growth rates (r(i)) so that plant préductivity
(r(i)s0) declined as x increased. I then manipulated u/b to "move" the
marginal plant along the x-axis. As predicted, “n rose and declined in
proportion to the changes in plant productivity subsumed by the peak of

herbivore production, but was independent of the productivity of other

/plants.

In summary, the multiple-plant models»suggest that systems with
random oviﬁositicn and plant populations which are smoothly
heterogeneous tend to be highly stable, with herbivore production
primarily determined by the productivity of a set Qf "marginally
suitable" plants. For such models, when a pulse of herbivores
overconsume their food supply, they are forced to decrease their use of
the most suitable plants. The assumption of random oviposition
(equation 8) ensures that the use of low-suitability plants will thereby
increase, 1lowering the mean fitness of eggs and ultimately reducing the
population‘qoﬁ adult insects. However, since most herbivores do not
seleéﬁi?g;ézgnplants at random (Rausher 1983), I also examine the

consequences of non-random oviposition.
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NON-RANDOM OVIPOSITION

I simulated the effects of non-random oviposition using the 10-plant
simulation models. I first simulated a "perfect forager" which could
accurately locate the plant foliage with the highest value of ¢ ,

: i
deposit just enough eggs to defoliate it, locate the the next best
foliage, oviposit, and so on, until the full egg complement (bn) of the
population of adult herbivores was depleted. These simulations resulted
in patterns similar to those in Figures 4 and 5, except that plants
which were marginally defoliated in the random oviposition model become
completely defoliated and the p051t10n (X =ln[c ]) of the marginal plant

aaéla"\? N X— GX(S I’(dau_m(( m m
moved to the left toward lesser values of plant suitability. Apparently,
the ability to accurately locate and fully exploit the most suitable
pPlants enabled the herbivores to defoliate plants with low values of c .
i
At equilibrium, the small productivity of the "defoliated" plants
produced most of the herbivore population, and the marginal plant was of
such low suitability that very few herbivores were produced in spite of
the large number of eggs deposited. This is illustrated in Figure &6,
where X <1ln[u/b], indicating that this plant alone could not supporﬁ,k'
m At s po it ”L?M.Jnfvw y e
successful reproduction by the herbivore population. e st
sug, [/05/9 léfrhaf; \)Ui(l‘x anrte wm&d.««»u{iﬁiﬁf \_;é.szp'gvfiﬁ( shouwlok lowa
~7’ 12 neaorves endl ol - : : : :

fhe perfect forager" simulations incorporated the assumption that
herbivores locate and accurately assess the suitability (value of c‘) of

i
each host plant in the environment. The assumption that‘the herbivore
can accurately assess host suitability is unrealistic because many
aspects of host suitability are cryptic to herbiVOfes (e.g. Singer
1972). In particular, the distribution of some types of predators méy

not be apparent to searching adults. For example, Smiley (1978) and

Longino (1984) reported that Heliconius butterflies do not
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3 _b:efefentially oviposit on ant-free host plants, in spite of their
greatly reduced fitness on plants with ants (Smiley, 1985 and in press).
Sinece fﬁhts are conspicuous, slow-moving, and use extensive chemical
communicationg g%her types of predators are likely to be far more
cryptic to insects. As a consequence, even a very efficiently foraging
herbivore 1is almost certain to occasionally use host plants with low
values of c . To model this possibility, I simulated a "preference"
forager whiéh has increased preference (PR(x)) for plants of higher
suitability (higher values of x=ln[c_]), but nevertheless places some

i
proportion of the eggs on plants with low values of x:

A eo(mK) r
PR 6‘) 2 9 a (Xt léj )
: g &
= and, - D(') = uagf——-S”’“‘”““" (2? CR/.

Here, 'K' equals -ln(minimum value of c.f, ensuring positive values

for all (x+K), 'a' is a "preference coe;ficient“ with a=0 indicating
random foraging and a=1 indicating preference directly proportional to
the value of c and 'g' equals a proportionality constant. For these

simulations, é usually had a value of ébout 7 (actually 5.9 for the
simulations in figures 4 and 5, and 6.9 for figures 6-8). Incorporating
this with equation (8) and using equation (19) for approximate plant

size at equilibrium, the production of herbivores by plant (i) is

approximately:
X : S« Q,(XOK)
Ab(Sx-=—c:.) e
a.(i) > ; o (24)

Integrated between -K and 0 along the logarithmic scale, the function

for the percent of herbivore production within Z log units of c is
m
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~ approximately:

T = 100 { | - (‘.rl) Q‘ZCM.) * (a+1) e-Z(“Z)} (25)

For a=1, equation (25) predicts that 97% of the adult herbivores will be
produced by plants with values of x (=1n[c_]) within Z=2.3 log units of
X, Thus, for this degree of preferenée, the peak of herbivore
p?oduction is more narrow than that of a "random" forager with the same
parameters. a¥1 represents a strong degree of preference since
approximately 90% of the eggs would be deposited on the "best" three

plants out of 10 if all plants were equally abundant.

I derived'the position of the marginal plant along the x-axis (the
-axis of plant SUitability) for the preference forager using ~equations

analogous to those derived for the random forager (see appendix 1IV):

a—+ 1
an a -aK
Cn = -E-%z{c..-(@ﬂ)e } . (26)

With 'a' near zero, this equation approximates equation (22) for random

foraging herbivores (see appendix IV). When a>l and K>7:

Com

z MK or2 (27)
b 3

a 3
3 a0 %fwu‘i‘;&: éil“Luw» ;
This equation shows thag as the preference coefficient a increases to
large values and the width of the herbivore production peak narrows
(equation 23), ¢ approaches u/b, the mean per capita death rate for
m
juvenile herbivores on the host plant (figure 7). However, equations

(23-25) do not incorporate the possibility, permitted in the

simulations, that small “defoliated" plants produce herbivores. The
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values predicted by the equations therefore diverge from the simulations
for extreme degrees of preference (a>l). Figure 7 illustrates peaks of
herbivore production for a=0,1,2,4 as predicted by equations (25) and

(26) . The peak for a=1 is about 2/3 as wide as the peak for a=0.

As theﬁwidth of the peak in herbivore production narrows, the amount
of plant productivity subsumed by the peak should be correspondingly
less, which should result in lower population densities for the adult
herbivores. The results of simulations suggest that this is indeed the
case. As the value of the preference coefficient (a) was increased,
herbivore population density at equilibrium was observed to decline

(Figure 8).

Equations 21-25 and the results of simulations in Figures 6 and 8
suggest that the primary effect of host plant discrimination is to
narrow the peak of herbivore production, reduce the value of X =ln[c ]
(the suitability of the marginal host plant), and to reduce eguilib?ium
population density for the herbivores. The reduced populatidn density
is primarily caused by the defoliation of plants which were marginally
suitable under random foraging, making them less available to the
herbivore population. At very high levels of preference (i.e. the
"perfect forager" model), all plants may be defoliated which can sustain

the herbivore population, and the herbivores subsist, on the very small

plants which are regenerating from defoliation.
e GRAPHICAL MODEL

The multiple-plant models suggest a graphical model for plant

herbivore interactions incorporating heterogeneity among plants in
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herbivore survivorship, as follows. Let the horizontal axis of the
graph be the logarithmic spectrum of plant suitability 'x' #for a given

population of herbivoresy, and let the vertical axis be the biomass of
¢ b,(om,w

plants. 'Plot the distribution of plantg along the spectrum (see Figure
9). Use the u/b ratio and equations (20, 24, and 25) to approximate the

position of the marginally defoliated plant (X = ln|c ]) along the x-
m m
axis. 'X ' will usually be 1-2 log units to the right of u/b along the
m =
Xx-axis (see figure 7).

The “s. may then be calculated from their position along the x-
axis. 'Ass;me'that the pioduction of adult herbi?ores takes place in the
region of the spectrum spanned by X and X -Z, where Z ranges between 1
‘and 2 depending on the estimated prgferencz function (equation 23). To

the 1left of X -Z, the "s will be equal to the values on the graph,

m i

between X and X -Z the "s will be declining from the values on the
m m S

graph toward zero, and to the right of X , the s will be equal to

m i
zero. Calculate the productivity (P) of the plants in the region -of

herbivore productivity as approximately:

P = (r4/2)(5,2/2) = r0S,2/4 (28)

where S,72/2 ahd t#/2 are the the estimated biomass and growth rates,
respecticely, of plants which are 50% defoliated, on average. For the
plant growth cutoff model, r0 should be used in place of r0/2, but the
corresponding reduction in the width of the herbivore production peak
partially compensatés for this, and I suggest that equation (28) be
employed, regardless of plant growth model. At équilibrium, P/p (where
P equals the amount of plant biomass required to produce one adult

herbivore), will approximately equal the rate of production of new
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herbivores. This equals the population death rate (nu). Solving for n

yields:
“n = [P/p][1/u]l = rS, 2/4pu (29)

For the simulations in Figure 8, S Z was 133 and 89, for a=0 and a=1,
b4 ,

respectively. Using equation (29), “n = 9.5 and 6.4, respectively,

which correspond closely to the values in figure 8 (9 and 6,

respectively). Below, I analyze two examples using this technique.

Smiley (1985 and in press), Smiley and Wisdom (1985), Longino (1984),
and Mallet (1984) investigated species of Heliconius butterfly
Saterpillars which feed on species of Passiflora at Corcovado National
Pérk in Costa Rica, Central America. Based on the evidence from field
studies of Passiflora wvitifolia in Smiley (1985, 'and in press), I
calculated the probability of caterpillar survivorship on plants by
extrapoiating the survivorship over a four-day period to the full twelve
days required for larval development. This procedure assumes that
mortality rates do not decline as the larvae grow, which is supported by
the data in Smiley (1985 and in press), and does not include relatively
infrequent forms of juvenile mortality such as egg and larval
parasitism, or egg and pupal predation. 10% of EL.yi;iﬁgliatplants at
the field site were relatively ant-free, with an estimated caterpillar
survivorship of 0.11 (x=-2.2). The other 90% of plants were ant-tended,
and averaged 0.0057 survivorship (x=-5.1). This average included some
large, contiguous patches of host plant with a mean survivorship df
0.00013 (x<-10). Ant-free plants tended to be small in comparison with
ant-tended plants, and I estimated the distribution of biomass along the

x-axis to be that illustrated in figqure 9. I additionally represented
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the presence of large-biomass canopy foliage by a dotted 1line. This
foliage 1is wusually not oviposited upon by the species of EHeliconijus
investigated, which prefer small vines and understory portions of large
vines (Mallet 1984). The methods in Smiley (in press) were not precise
enough to determine the ¢ values for individual plants, and the actual
spread in values of c ma; be greater than that illustrated.
i

Gilbert (unpublished data) determined the local populationrdensity of
Heliconius in the "horsepasture" at the field site. Mallet (1984)
estimated the total biomass of P, vitifolia in a five hectare patch of
secondary forest ajacent to that site to be 2000 leaves/ha. Since about
one tenth of this biomass lay in the herbivore-producing portion of the
épectrum (see figure 9), and using equation (29), assuming r0=0.05/day,
P = 5 leaves/herbivore and u=0.07/day, the estimated population density
{°n) for H. hecale, a species which primarily uses P, vitifolia, was
7/ha, or 35 for the five-hectare area. This figure agrees well with
actual estimates of population density from that site (n =* 40, ranging
from 10 to 100, depending on seasonal fluctuations; L. Gilbert,
unpublished data). This analysis indicates that the model is capéble of

predicting realistic values of “n from crude estimates of plant biomass

and the birth and death rates of adult herbivores.

I also employed the graphical model to analyze cases in which plant
proﬁection may evolve, i.e. in systems with heritable host resistence
(Mitter and Futuyma 1983). If the curve of potential plant biomass (in
the absence of herbivory) is plotted, any area under the curve and to
the right of X , the marginally defoliated plant, will be absent or

m
defoliated after the herbivore population is introduced and comes to
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equilibrium with the host plant. This vacant area represents "empty
habitat" for the plant population, which may be filled by recruitment
from the surviving, resistent population if resistence is heritable and
is not genetically correlated with other, deleterious, traits. Such
recruitment will tend to shif£ the curve of potential plant biomass to
the left of X , the marginally defoliated plant. As a consequence,
these »systemsmshould evolve until the zone of herbivore production lies
on the right-hand margin of the curve of potential plant biomass. Since
most natural syétems will have a component of resistence which is not
heritable, actual curves may have "tails" which extend to the right or

left of the predicted shape.

~

For example, Smiley et al (1985) found that late-instar larvae of
Chrysomela aenicollis survived well (90%) on willow trees with high
concentrations of ‘the bitter phenol glycoside salicin, but survived
poorly (30%) on trees with low concentrations of the chemical. It is
likely that survivorship increases rapidly above some threshold of
salicin concentration, which results in a bimodal distribution of
plant biomass along the axis of herbivore survivorship. Smiley and Rank
(in prep.) and Smiley (in ?ress) found that cold stress caused
sévere mortality to the larvae, which shifts the curve of plant biomass
to the left at increasing elevations (see Figure 10). As a consequence,
only at low elevations do beetle populations defoliate the salicin-rich
willow genotype. This selection pressure favors low-salicin plants or
brénches, and, assuming salicin concentration to be heritable, high-
salicin genotypes should become rare. The beetles then persist at very
low numbers on the few remaining plants which are vulnerable. In the

transition zone where cold stress is intermediate in severity, beetles
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defoliate some but not most of the high-salicin willows, and there is a

polymorphism in salicin concentration among the willows. The beetles

are very abundant at this elevation (Smiley et al 1985). At the highest
elevations, where cold stress is severe enough that the beetles only
persist on a small subset of host plants growing in suitable
microhabitats, there is minimal selection against plants which contain
high levels of salicin. At this elevation, most of the plants contain

high amounts of salicin, and beetles are common but not abundant.

When resistence to herbivory is not heritable, the curve of potential

plant biomass may extend far to the right of X , the log survivorship of

m
the marginally defoliated plant. For example, the pre-herbivory

distribution of introduced weeds such as the Klamath weed in California
or the prickly pear cactus in Australia had very high plant biomass.
The introduction of Chrysolina beetles and the cactus moth,
respectively, brought about extensive defoliation of the plant
populations, which never recovered their former densities. These
examples illustrate that the distribution of potential plant biomass may
be very different from the post-herbivory distribution, and may be very
difficult to estimate. However, for many purposes it is sufficient for
the researcher to estimate values in the presence of the herbivore,

since these consitute the state of the system near equilibrium.
DISCUSSION

The algebraic modelling, computer simulations, and graphical analysis
presented. above suggest that heterogeneity among plants in herbivore
survivorship has profound effects on the interaction between plants and

insect herbivores. With reasonable assumptions about plant growth, the
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presence of a sufficiently wide spectrum of survivorship (1-3 orders of
r&éﬁ./'.tzﬂ,ig‘(’ -
magnitude) is a sufficient condition for the establishment of a stable
relationship between plants and insect herbivores. That portion of the
host : .
plant population which is highly resistent to herbivory provides a
sufficient range of of variability, and the presence of multiple agents
| oCatfnw-s pube should enswan
of Amortal ty which act independently emsures that a continuum of

survivorship probabilities will be established.

The relationship established is relatively insensitive to the
randomness of herbivore searching behavior. The critical parameters
which determine most of the quantitative pfoperties of the relationship
are the distribution of plant productivity or biomass along the spectrdm
of plant protection, and u/b, the ratio between the per capita death and
birth rates for the population of adult herbivores. A knowledge of
these three elements is sufficient to predict the distribution of plant
sizes and the numbers of adult herbivores at equilibrium. Although the
model is severely unrealistic is some respects, such as the assumption
that fractional herbivores can oviposit fractional eggs or the
assumption of instantaneous herbivore feeding and growth on the plant,
application to field data from Heliconius and Passiflora suggestéd that
the model can yield realistic quantitative values for some systems.
At the very least, the model provides a guide for examining the effects

of variability among plants on plant-herbivore systems.

For plant-herbivore systems such as those modelled here, a pulse in
herbivore population size does not result in an immediate increase in
death rates of juvenile herbivores. The increase in mortality of
juveniles only takes effect after defoliation of the more susceptible

plants, forcing the herbivore population to use less suitable hosts.
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Analysis of 1life-table data from individual plants or small plots in
such a plant-herbivore system will show density-independent
fluctuations,in spite of the fact that as a whole, the population tends
to return to equilibrium densities. This indicates that detection of
density-dependence may depend on the scale of investigation (Kareiva, in

press).

Dempster (1983) and Kareiva (1983 and in press) cited numerous
examples in which an increase in the u/b ratio apparently caused reduced
population densities for herbivores, while a decrease in the ratio
caused an increase in population density. This result is intuitively
reasonable as an immediate response to changes in u and b, but it is not
evident that the long term responses of the population should reflect
the u/b ratio; Since many of the examples cited involve long-term
differences, there remains the question of why the herbivores with the
increased u/b ratio do not go extinct and why the ones with the low u/b
ratio do not eventually defoliate their host plants. Dempster (1983)
suggests that locally, such density-independent events may be common,
but Strong (1984) and Kareiva (1983) suggest that the dependence of
population size on the u/b ratio may be real but difficult to measure.
The model in Figure 9 reconciles both these points of view, since local
extinction and defoliation occur on individual plants, yet increasing
the u/b ratio causes a decrease in population density at equilibrium.
This happens because herbivores with high death rates and/or low birth
rates (high u/b ratio) can only subsist on the "tail" of plant biomass
which is relatively unprotected from herbivory (far to the right on the
axis of plant protection), while herbivores with low death rates and/or

high birth rates (low u/b ratio) successfully exploit the the relatively
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more numerous plants which are better-protected against herbivory.

I have tot attempted to model systems with two or more herbivore
species coexisting on the same host plant species. One way to
accomplish this would be to define n separate axes along which each of n
types of herbivores interact with the population of host plants, and to
define the host plants is as being distributed across the n-dimensional
surface, interacting with all n types of herbivores simultaneously. 1In
such a system, if two herbivore species share the same major sources of
mortality they should be modelled as sharing the same axis of plant
suitability. This may bring them into competition, since their
populatlon densities are llmlted by the same set of host plants, and the
winner w1ll probably be determined by the species with the lower value
of utb. However, if two herbivore species differ greatly in the
source of mortality, including vulnerability to different types of
predators, weather conditions, or chemicals, they should be modelled on
different axes. Then, the two species will be 1limited by the
availability of different subsets of the host plant population, and
should be more likely to coexist, regardless of differences in u/b.
Smiley and Spencer (in prep.) suggested that differential vulnerability
to predators may explain the remarkable pattern of coexistence between
Heliconjus caterpillars and Passiflora-feeding flea beetles described in
Smiley (1982). In this system, two types of herbivores have developed
highly parallel communities while sharing the same plant parts (new
growth) of Passiflora, and they appear to coexist using different
individual plants of the same species. Jeffreys and Lawton (1984) have
argued that competition in herbivorous insects may often be for "enemy-

free space" rather than for edible host plant, because density-dependent
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predation should increase when two herbivores share a host plant. This
preliminary analysis suggests that the effects predicted by Jeffries and
Lawton (1985) can occur even when predator species do not respond to
changes in herbivore density, and that competition for "enemy-free host

plant” may be the key to understanding the structure of many insect

conmunities. . 7 sb rHate
in €0 wi !41 il 4 i’i
o !
In summary, A individual plants or plant subunits may be highly
: 4g9s of
heterogeneous in terms of the survivorship of herbivore,juveniles placed
e 30
upon them by the parent insect. "If the mean probability of survivorship
an A"
ranges over two orders of magnitude or more, which is likely when ’;ae
host.
cempopent of the plant population is well-protected against herbivory,

and with reasonable limitations on plant growth, then relatively stable
populations of insect herbivores me&sy become established. Por thig ta
happen, the inverse of the expected per capita egg production of adult
herbivores (u/b) must lie well within the range of plant variability in
herbivore survivorship. Conséraints on the width of the peak in
herbivore production (along the axis of plant protection) allow
quantitative predictions to be made from a graphical version of the
model[ predictions which were shown to produce realistic values. The
model predicts that the population density of adult herbivores depends
primarily on abundance of suitable host plant in the habitat. Accurate
use of the model depends on the ability to estimate the biomass or
productivity of plants along the axis of plant suitability, supporting
the hypothesis that plant variability is a critical component of the

interactions between plants and insect herbivores (Denno and McClure
_Alar j%@;;‘t ?
1983). 5 kW¢a
\(’”’6"‘ \.nj 5 ‘
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symbol definition
S biomass (size) of plant foliage
£ time
r mass specific growth rate of plant foliage
H rate of herbivory (removal of foliage)
c average probability of survivorship for juvenile
herbivores on the plant
P biomass of foliage required to produce one
A sl adult herbivore
n v 4" number of adult herbivores
b per capita rate of egg production (birth rate)
of adult herbivores
u:srp per capita death rate of adult herbivores
r0 maximum growth rate (r) for plants
i category of plants for which average survivorship

of juvenile herbivores on plant (i) equals a
specified range of values

s0 maximum biomass for plant category (i)
S; biomass (size) of plant category (i)
S average value of c¢ for plant category (i)
D(1) function for distribution of herbivore eggs
A " among plant categories
i T e total plant biomass, summed over all plant
categories

m "marginally defoliated" category of plants,

such that plants with values of ci>cm
are defoliated and plants with values of
ci<cm are not. .

o value of ci of "marginally defoliated" plant (m)

< value of ci along the logarithmic axis of
herbivore survivorship (x = 1ln[ci])

X value of x for "marginally defoliated" plants

. Fall~g rave : '

Sx biomass ofaplants integrated between x+(1/2) and

x-(1/2). Also equal to s0/W, where W is the
interval along the x-axis of plant category (i)

Z "width" of peak of herbivore production
PR(x) function by which plants with higher values of x
are preferred for oviposition
K equals -x r the smallest value of x modelled
min
g proportionality constant for scaling PR(x)
Table 1. Symbols appearing in text, with definitions.
oﬂ‘»\,,,,t, euk “‘? “’35
P~ Fr\;o«/' fyr ity ﬁ\d s plarid  which pro s
ot of <Po haabryar  adlull

A = 2 (at)



€

Smiley page 39
FIGURE LEGEND

Figure 1. Phase plane diagram for equations (11) and (12). The (n,s)

trajectories indicate that the system will oscillate in time with

increasing amplitude (see text).

Figure 2. Simulation of plant-herbivore inteaction in which two plants
differ in their susceptibility to herbivores (equations 9,10; solid
line). Effects of cutoff model for limitation of plant growth (equation
4; dashed line) and logistic plant growth (equation 5; dotted line) are
to stabilize the model to a stablevlimit cycle or a stable -equilibrium,

respectively.

Figuge 7 e Phase plane diagram for 1logistic plant growth model
(equations 10 and 15). The angle of crossing of the isoclines has
changed from that in Figure 1, so that the (n,s) trajectories exhibit

oscillations through time with decreasing amplitude (see text).

Figure 4. Simulation of plant-herbivore interaction in which ten plants
differ in susceptibility to herbivores. - Parameters approximate those

estimated for populations of Heliconius butterflies and Passiflora

vines, with the estimated spectrum in probability of herbivor% survival
ranging over two orders of magnitude from 0.003 to 0.333.%t/5fg?2210ries
of plant size are given for plant categories 1-10 (growth cutoff model;
solid lines) and for plant 7 (logistic growth model; dotted lines). The
trajectories indicate that the cutoff model converges to cycles of small

amplitude, while the logistic model converges to a stable equilibrium.

Figure 5. Size and herbivore production of the ten plants simulated in
Figure 4, after 1000 days, based on plant growth cutoff model (top) and
f ‘AI ;~f; i ] o p f v oA 1";{\’ YT | } Lo 66_\ 5’ m“l\—ﬁ 2 ¢ (‘\':j‘j% §

P 2 ; 4 : 4 \
F/d ® ¢ / of e fh 5 g4 [ PP ’
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the logistic plant growth model (bottom). Most herbivores are produced

by 2-3 of the ten plants which are "marginal" in terms of susceptibility
to herbivores.

Figure 6. Relationship between X , the log-suitability of the marginal
plant as determined by simulation,mand u/b, the mean sﬁrvivorship barely

sufficent to support the herbivore population at equilibrium. As

predicted by equation (22), X is about 2 log units greater than u/b for
the random foraging simulat?on, but this difference declines as

herbivore preference (a) increases (equation 25). X for the "perfect
forager" is 1less than u/b. This is caused by the mability< of such

foragers to successfully exploit the production of "defoliated" plants;

and are not dependent on the marginal plant for the production of .new

adults.

Figure 7. Shape and position of the peak in herbivore production along
the axis of plant protection, as a function of the preference
coefficient 'a' (equation 23). The peak becomes narrower and shifts

toward 1ln[u/b] as 'a' increases.

Figure. 8. Equilibrium population densities of adult herbivores as
determined by simulation, as a function of u/b and preference function
(a) . Herbivores capable of exercising preference (greater values of a)

and "perfect foragers" (see text) have reduced population density.

Figure 9. Quantitative graphical model for ﬂgliggniug-zgggiﬁlgig
interaction incorporating heterogeneity among plants in herbivore
survivorship. The solid curve represents the estimated biomass of P.
vitifolia along the spectrum of plant suitability. The hatched area

represents the portion of the spectrum which produces herbivores; it is
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2 log units wide as predicted for a random forager. This area is about
one-tenth of the estimated total area of 2000 1leaves/ha., which,
using equation (29), gave an estimated population size of 7/ha. This
figure is is close agreement with independently derived field estimates

(see text).

Figure ~10. Graphical model of Salix-Chrysomela interaction at three
elevations. In this system herbivore survivorship is partially
determined by the concentration of salicin in the plants, a trait which
is probably heritable. The dotted lines represent plants which would be

present 1if selection did not favor the alternate genotype. Predicted

numbers of C, aenicollis shown to right.



~N

4‘5 .
E
T

S940AIQJOY 4|NPD }JO Jaqunu ‘u

_Toa - ,
aul]00S| 840AIq48Y

(o)
9zi8 jup|d ‘s

) 1 |



sAop

009 00s oot

00¢ 00¢ 00l 0o

Al
O
o ol
A \
\\ ' 4 —. -
/ ) / 1
4 ) / 1
\\ .. \ __
/4
Al
/’ \ J D ..
‘£ ’ |
4 ’
ll(ﬁ oo -Q-nl!lu‘\ttlu\ul.t!t.nuL
\\ [] 4
% H /
4 (LaRT ¢
3
-~
& Y
rN / Y
;N / - ml
/ % ‘
/ {
/ a_ 1 P
/ _, /]
\ -
\ '
]
/ 0
[}
3 19
A [} -
\ ]
4— 1 s
sefeccv.,, tl!tﬂ-l"t%lllul!c.oliitvlnvt lllllllllllll
/
\ -
e €
]
Vg
\ ) b
(%)

(9z1s jupid) uj

(S340A1q49Y) U]

Fle. 2



$940AIQJ3Y }|NPD O 19qunu ‘u _

i-aq 4

XDWg rf =8
9UI1|00S| 910AIquI9y

i

(17 Wsdoqu-"Ps) =+ = s

74 “9uijoos! juo|d

XDWg -

ez|s jup|d

Fle 3



1200

600
days

AAA

©
(s940A1q48Y) U] (821s jup|d) uj

Fit 4



(ID4o} 3O 94) saioniqsey jo uoijonpoad

©O O O
432n|v

cufe

500

(saADa| ‘ou) 9zis jup|d upsw

2 3 4 8§ 8 7 68 9 o

plant no.

Fit- 5



L]

Fie. b



s

+3
In(u/b) +| : +2

Fle. 7



3 o fLove
as0 “ro“domu ;’LDJ‘F P(@V(«:f 3 QJQ—QC,
A / R —e
8
L\—QS\EOE\I‘J«W\ 6 .\-‘\‘
iy n a=1.0
Y - n 5
dorat by
o ; .
A iy NG
i B WA NS
2
< - $
l “Perfecf"
(o)
. o oa .03 04 =

IJ/b

File. 8



L

‘oY /L

(diysioniainsg

iD||1d49}02) u

wl

I- 2-. n-+ b- S- 9= l- 6-
: $9Yydubiq Aioyssapun
i ‘SauiA ||Dws
%A ‘DY /°'sAl 0002
SNniuooijan

N Buisemo|y "abip)

S e e

sjup Auow

-
-—

-—

-

J

Di0)4iSSDY

ssowoiq

Fwﬂ'



(diysi0AilAaNS) Uj

uowwod:

uidi|os
ybiy

fuppungo :

-emes @ == Q-—---’——-.-- -

uidjjos uidijos

Mmoj
wooog
(]
//( WAV SNNIH
N
N Ujd1|os
woobZ e mo|
- l‘\
]

8.D4 : S)/j021UBD ‘) K

Mmo||im

ssowoiq

Flé. 0.



APPENDIX I

The Jacobean matrix of partial derivatives for equations (5) and (6) is:

e 5 smaxnbcp _ beps
2 g+ Smax
(s +s )
max
e ben ¢ s
max bes e
(o )2 s + 5
ma

X

Substituting equations (9) and (10), the values of s and n at equilibrium yield:

)

Ip = MP
be

J* = = [b) 0
bc

The eigenvalues for this matrix were evaluated by solving for L in:

o |n

Eopps = L —,kpi
be
det - -1 =0
J P be
‘ =

Using the formula for roots of the quadratic equation, the eigenvalues were

found to be:

Va
Ll, 12 = r-m %+ {r-ﬁ = b - r(l-_&)}
be be

The real part of the eigenvalues ((rm/bc) is always positive. Therefore the two
plant model without plant growth limitation is unstable, as suggested by the

graphical analysis.
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APPENDIX II
To evaluate equilibrium stability of the logistic plant growth limitation
model (equations 11 and 6), substitute the equilibruim values for s and n

(equations 13 and 14) into the Jacobian matrix of partial derivatives. The

resulting matrix has the form:

-2r - 4 mp(be = )
(be ~ 5 ) be
J* =
z -2, : 0
P be :

and the resulting eigenvalues will then be:

<

e '/Z
2 > 2
e NI TS \
(be = u)be &(bc - )bc) ( -1 be )

2

The real part of these eigenvalues will always be negative, because:

=2r "M
(be = m )be

when bc >4, a necessary condition for herbivore existence. Therefore, the
plant growth limitation model expressed in equatidns 11 and 6 is stable around

equilibrium, as suggested by the graphical analysis.
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Appendix III. A.To derive the,estimated continuous distribution of

production of new adults by plants distributed on a logarithmic scale,

ad ulfs
let x=1n[c ], and let A(X : X-Z) equal the number of e@#s produced by
i
plants with values of x less than X but greater than X-Z. Then, a(x)

dx, where a(x)=A'(x)/dx, is the number of new adults produced by plants

at position x along the x-axis. This can be written as:

A x X { N
a(x = = C. { e
() ds Abe D() dx [e c‘] \:‘@” 1)
where D(x) equals the probability that any given egg will be placed on a
plant with ¢ = exp(x). By analogy with equation (8) and
i

incorporating equation (19), D(x) is:

A s X \
DOdez,.Eggﬁﬁ. - Kfﬁ‘ ¢ ) dx Qiﬁf”ij
S g
S.)(:SQ/V\/

where, as in equation (21), %gﬁ = q,/w, with W being the interval aiong
x

the x-axis included within plant category i. Combining and integrating,

3 '2‘2\\\,
the production of new adults is then: <wa(glﬁ‘;; g;l}}
. % a0 /.:;- )’//
X 2 g Akl :
A, S % [ X e iR Y
Alx = nb ¢ (e-——-)—(e - = e g
) x-Z K3 { e R 2¢e,. K 2/

To calculate the production of herbivore adults by plants with values of

X ranging between X =ln[c ] and X - 32:
m m m

X

m A x..\ = ok ( o
A)- = ——a——"bs‘ = {l -le . + e 22} ({
XL 25 R
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The total herbivdre>production is then:

O 3%;"‘ o | (-5

and the proportion of the total produced by plants with values  of x

greater than X -2 is:
m

Xm

XL = : :
“‘)Ix" = 1~ 2624 2 [ -¢)
e ;

ol

This eguals 0.82 (80%) when 2 = 2.3 = 1n(10). In other words, plants
with values of ¢ within an order of magnitude of that of the marginal

i
plant produce over 80% of the new herbivore adults.

B. An analogous analysis of the plant growth cutoff model, assuming

equilibrium plant sizes are equal to S for all plants with values of

X
c less than ¢ , yielded the proportion:
i m
¢ x“
AX)
XL : =3
A
Xm0

This equals 0.90 (90%) when Z = 2.3.

APPENDIX IV

To derive equations describing equilibrium values of the logiétic
plant growth model incorporating foraging preference, I used equation

(24)
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a( = npe*Ke™ (l—f;:)

Herbivore production by plants with values of x (x=1ln(c ) between X
i m

and -K (K = x = In(minimum value of ¢ ) is then:
min i

AbS eck x(a+1) e)((0.02)
A(x) = _'l?’_"__ {_e——

9 art (@+2) =

X 3 K '
» bS,e? Xou(ari) -K(a+) -K@+2)
A(¥) 3 =~ _"9 (a.:)(a.f—l) { e - (a+)e t(ar)e }

A b Sx - ex,,.(cw)

Tg—@.f 1) (a+2) [{:or K>7]

Herbivore production by plants with values of x between X and X -2 will
be: .

Xm ak X, (ot) ' :
4% meet el i
ekl P T e {‘ e

and the proportion of total herbivore production by plants with values

of x between X and X-Z will then be:

Xon ,
A(x), . -Z(at -Z (o
o | - (@+2)e 20 t(ar)) e Zesz)
AK)

Xm

K
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I calculated X , the log-value of ¢ of the marginal plant, by

m i
combining «the equation for A(X :X -K) with the relation un = bA(X), and

m m

solving for c
-~ m
A
atl : g (a+) (a+2)
T hG et

Using a ;elation derived from the fact that the integral of D(x) = 1 for

plants between X and -K:

K . =
2 (o e 2

aK

SX e {cax.\ = e-ak(df|) }

S a(a+i)

and substituting into the above equation for ¢ yields equation (26).

m
To show that equation (26) approaches equation (22) as a approaches
zero, note that S§/S =* K, and:
X
alk ~ak =
& 5 5 Cun s = | (l =L o.K) ‘
a.K(am) = ’ o_K =
, a+l
Substituting into the above ‘equation for cm gives equation (22):
* - N 5 Caﬂl(a.ﬂ.) § [ ]
™ ~ i
b S5 e%X Z(}E)<S,) s
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