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Abstract. When environments change stochastically, the question arises how to eval-
uate the effects of a plant—animal interaction on the fitness of the plant, where plant fitness
is measured by the stochastic growth rate. We devel op the concept of habitat-stage el asticity,
ES, which gives the proportional sensitivity of the stochastic growth rate to perturbations
of stage transition rates in each state (B) of the habitat. We employ it to understand why
a specialist gall-making seed predator has relatively low impact on the fitness of a sub-
tropical shrub. The plant lives in a forest characterized by patchy, recurrent disturbances
caused by hurricanes. Both predation rate and plant demography vary with canopy openness.
In the most closed-canopy state, the seed predator destroys 90% of the fruits, and demo-
graphic quality, the dominant eigenvalue of that state’'s matrix, is low, while in the most
open-canopy state, predation is negligible and demographic quality high. The seed predator
is locally extirpated by strong hurricanes, recolonization taking several years.

The effect of the predator on the stochastic growth rate is negligible at both low and
high hurricane frequency. Its effect peaks (6%) at an intermediate hurricane frequency. The
stochastic growth rate variesin its sensitivity to the predator in different states of the habitat
due to a product of two factors: the frequency of the state in the environment and the
contribution of fecundity to its elasticity. The latter factor encapsulates the expected se-
quence of future states of the habitat. In our system, the contribution of fecundity to elasticity
of the darkest state increases with hurricane frequency, even though the probability of
encountering that state decreases, because today’s dark habitats are more likely to become
lighter ones. The contribution of fecundity to the two lightest states does not vary with
hurricane frequency. In contrast, its contribution in intermediate states at intermediate
hurricane frequencies is most dynamic, since uncolonized states may become colonized
states and insensitive states may become sensitive states. The effects of an animal on plant
fitness is determined by the disturbance regime in addition to its impact on vital rates in

each environmental state.
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INTRODUCTION

In this paper we examine the demographic impacts
of animals on plants in random environments. Plant—
animal interactions and their outcomes exhibit marked
variability in different states of the environment (Horv-
itz and Schemske 1990, Thompson 1999, Herreraet al.
2002). When environments change stochastically, how
can one evaluate the effects of a given interaction,
whose outcome also varies, on the fitness of the plant,
as measured by the stochastic growth rate?

For example, there has been considerable debate
about whether herbivores and seed predators can sub-
stantially alter population dynamics of long-lived pe-
rennial plants and which are the critical stages of im-
pact (Crawley 1989, Strauss and Agrawal 1999). Early
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studies quantified the effects on single fitness com-
ponents or short-term parameters, but recent studies
have been more concerned with long-term effects. Sev-
eral studies have combined observational and experi-
mental datafrom afew yearswith avariety of modeling
approaches to simulate long-term effects on individual
plants and populations, but only a few emphasize the
population growth rate or the stochastic growth rate as
the parameter for measuring population success (e.g.,
Bastrante et al. 1995, Ehrlen 1995, 2003). Ehrlen
(2003) emphasized an LTRE (life table response ex-
periment) analysis (sensu Caswell [2001]) of the effects
of herbivores on population growth rate. The parameter
that contributed most to the difference in population
growth between treatments (with and without herbi-
vores) was a parameter that was only weakly affected
by herbivores, but had high sensitivity. There waslittle
interannual variation in Ehrlen’s (1995) study system
and the stochastic growth rate did not provide distinct
insights from single-matrix analyses. In contast, Bas-
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trante et al.’s (1995) study was characterized by strong
temporal variation in demography. This study used the
stochastic growth rate to determine how many poor
years could be tolerated by aplant under different graz-
ing and germination regimes. There was an interaction
between herbivory and environmental variability in
their effects on plant fitness.

These two studies together set the stage for the cur-
rent paper: demographic sensitivity and environmental
variability may both be important in trying to under-
stand the effects of animals on plants. In other studies
concerned with the effects of herbivores and seed pred-
ators on plant populations, several measures of plant
population success have been used, including lifetime
reproductive success of individuals (Doak 1992), size
attained by reproductive individuals (Doak 1992),
abundance of adult plants and of seeds after a set num-
ber of years (Maron and Gardner 2000), density of
juvenile plants (Maron et al. 2002), cumulative seed
production (Doak 1992), and cumulative seedling re-
cruitment (Maron et al. 2002). These studies are some-
what less comparable because of the diverse currencies
employed. It is not our intention to review this liter-
ature; instead we propose that the continuing debate
about whether herbivores and seed predators can sub-
stantially alter population dynamics of long-lived pe-
rennial plants may be illuminated by seeking consensus
on an appropriate fitness measure in variable environ-
ments and its sensitivity analysis.

We propose an approach that is applicable to many
long-lived plants and that allows for variation in plant
demography and in a plant—animal interaction. Its ap-
plication to other systems may aid in our search for
patterns and generalities about whether and when
plant—animal interactions are likely to have strong im-
pacts on plant fitness. We analyze the dynamics of
structured populations modeled by population projec-
tion matrices. Temporal variation is described by as-
sociating a distinct projection matrix with each of sev-
eral distinct environments, such as those arising over
time following a disturbance (Cohen 1977, Horvitz and
Schemske 1986, Tuljapurkar 1997). We develop the
concept of habitat-stage elasticity to investigate how
the stochastic growth rate, \g, differsin its sensitivity
to interactions that occur in different states of the hab-
itat.

We apply this concept to understand how a specialist
seed predator impacts the fitness of a plant living in
an environment of patchy, recurrent disturbances
caused by hurricanes. We further analyze how changing
the disturbance regime alters the fitness consequences
of the plant—-animal interaction. Plant demography
(Pascarella and Horvitz 1998, Tuljapurkar et al. 2003)
and the impact of the seed predator (a moth) on seed
production (Pascarella 1998) were estimated from em-
pirical data. In this paper, we employ plausible sce-
narios of moth population dynamics and compare plant
population dynamics in an environment that is moth-
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free to environments created by these scenarios. We
show that the effect of the animal on seed production
in the most frequent state of the habitat is not predictive
of its effect on the stochastic growth rate. Further, our
analysis shows that the expected sequence of future
states of the habitat influence the effect of the inter-
action in a given state of the habitat.

In our study system, the most frequent state of the
random environment isdark forest, in which gross plant
fecundity is low and moth attack rate is high. A field
ecologist who measured the effects of the moths across
aseries of patchesin southern Florida given the current
pattern of hurricanes, would likely conclude that, on
average, the moth is a major threat to plants, since it
kills nearly 90% of the already scarce fruits. Does this
picture correctly depict the effects of the moth on plant
fitness? We show that the answer to this question is
“no.” The effects of an animal on a fitness component
within a single state of the environment (even if that
is a frequently encountered state) is not equivalent to
its effects on the stochastic growth rate. Thisis because
the stochastic growth rate is determined by not only
the frequency, but also the sequence of habitat states
and because sequence does matter.

Specifically, we address three questions: (1) How
does the moth affect the stochastic growth rate, \g, for
plausible scenarios of moth recolonization dynamics?
(2) How does the frequency of hurricanes alter the
effects of the moth? (3) How does habitat-stage elas-
ticity help us to understand the effects of moths and
hurricanes on stochastic population dynamics?

MATERIALS AND METHODS
The plant, the moth, and hurricanes

The plant species is an understory shrub (Ardisia
escallonioides Schlecht. & Cham. [Myrsinaceag]) in a
forest landscape where canopy-gap dynamicsis driven
by hurricanes (Pascarella 1995, Pascarella and Horvitz
1998, Tuljapurkar et al. 2003). The moth is Periploca
sp. (Cosmopterigidae), a specialized gall maker on the
flowers of A. escallonioides (Pascarella1998). Thevital
rates of the plant vary with canopy openness. Each of
seven distinct habitat states, along a gradient of canopy
openness from very light to very dark, is characterized
by adistinct population projection matrix for the plant.
Gross fruit production ranges from very high,>3000
fruits per large-reproductive plant per year, in the most
open-canopy habitat (habitat 1) to very low, <25 fruits
per large reproductive per year, in the closed-canopy
habitat (habitat 7). Gross fruit production in each of
the intermediate habitats (857 + 208 fruits per large
reproductive plant [mean = sp]) is less than one third
of the open-canopy value (Fig. 1A). Each fruit produces
asingle seed. Gross fruit (and seed) productionisgiven
by adding the number of fruits attacked by moths (** gall
fruits’”’; see Plate 1) to the number of fruits not attacked.
Attacked fruits do not produce seeds, and the attack
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PLATE 1. Ardisia escallonioides ‘‘ gall-fruits.”” These are
“fruits” (which remain green, never ripen and never produce
mature seeds) that result from flowers in which the gall-mak-
ing specialist moth, Periploca, lays its eggs; the larvae de-
velop in these galls. Photo credit: J. B. Pascarella

rate of the moth varies among habitats (Pascarella
1998).

We counted the moths at the larval stage, when each
one forms a gall. Moths lay eggs in flowers in the fall
and overwinter as larvae in the **gall fruits,”” which do
not ripen in the spring, but remain green. There is one
larva per gall and the galls are readily identified, count-
ed, and distinguished from unattacked fruits. Thus
counting gall fruits and unattacked fruits provides an
estimate of moth abundance, attack rate, and gross fruit
production. Larvae leave the galls during the late sum-
mer to pupate and remain in the soil for 4-5 weeks.
Adults emerge coincident with the flowering peak in
the fall, needing flowers on which to lay their eggs. If
there are no flowers available (which happensin forest
patches hit by strong hurricanes that strip all leaves
and flowers from plants), they have nowhere to lay
eggs, and the moth population becomes locally (tem-
porarily) extinct (Pascarella 1998). For this reason,
moths were absent from state 1, the very-open-canopy
habitat.

In previous analyses of population dynamics of this
species (Pascarella and Horvitz 1998, Tuljapurkar et
al. 2003) we used counts of unattacked fruits to obtain
fecundity estimates. In this paper, we use counts of
gross seed production and estimates of attack rates to
obtain fecundity estimates under different scenarios of
the plant—animal interaction. We consider one scenario
(hereafter termed ‘“no moths’) in which moths are ab-
sent from the landscape in which gross fruit production
(Fig. 1A) estimates fecundity. Empirical data on moth
occurrence and recolonization over severa years in
southern Florida (USA) following a hurricane (Pas-
carella 1998) showed that in the lightest state of the
habitat (state 1), moths were virtually absent (here we
assume an attack rate of 0.00001 of fruits), and moths
reached maximum attack rate (0.8926 of fruits) in the
darkest state of the habitat (state 7). There is a three-
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to fourfold increase in moth attack rate between suc-
cessive states of the environment (from open to closed
canopy). We study scenarios created using five values
of the moth recolonization rate, r, the rate at which
moth abundance increases between successive states of
the habitat. Values of r ranged from 2.6 to 4.2; the
highest generates what we call the “‘rapid-recoloniza-
tion” scenario (see Appendix A).

Fecundities in each state of the habitat for each sce-
nario were calculated by applying the attack rates gen-
erated for each scenario to the gross fecundity esti-
mates. To frame the possible outcomes, we focus on
the no-moths and the rapid-recolonization (r = 4.2)
scenarios. In each scenario, the dominant eigenvalue
of each of the seven habitat-specific matrices measures
the demographic quality of each habitat state: how the
population would do if the conditions encapsulated in
the vital rates were to remain unchanged (Caswell
2001). By this measure, for both scenarios, the best
habitat is the open canopy, state 1, and the worst is the
closed canopy, state 7 (Fig. 1B). Also, adding moths
to the system appears to have its largest impact on
habitat quality in states 4, 5, and 6, and negligible
effectsin states 1, 2, 3, and 7 (Fig. 1B). For example,
moths reduce the quality of habitat 5 by 25.5%, but
they only reduce the quality of habitat 7 by 2.4%.

Brief description of the model
of population dynamics

The model of population dynamics for the plant is
detailed in Tuljapurkar et al. (2003). Here we outline
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Fic. 1. Habitat states with respect to number of fruits
produced and habitat quality. (A) Gross number of fruits
(seeds) produced per year per large reproductive plant in each
state of the habitat, estimated by the sum of gall *‘fruits” and
unattacked fruits. Habitats range from a very light environ-
ment with an open canopy, state 1, to very shady environment
with a closed canopy, state 7. In intermediate states 2-6,
plants produced a mean (+ sp) of 857.3 = 208.4 fruits, av-
eraged over the N = 5 intermediate states of the habitat. (B)
Demographic quality of each state of the habitat, estimated
by the dominant eigenval ue of the population projection ma-
trix associated with each state of the habitat, in an ideal world
of no moths and in a world where moth abundance increases
rapidly: moth recolonization rater = 4.2.
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the main features of the model that are relevant for this
paper. The matrix element A;;, is the rate at which
individuals in stage j produce individuals in stage i
over onetime step whenever the populationisin habitat
state B. The top row of the matrix represents the fe-
cundities. The probability that the habitat state changes
from state B to state « over one time step is written
C.p, and is an element of a Markov transition matrix
c. This matrix contains the probability rules used to
generate asequence of habitat states over time. Itsdom-
inant right eigenvector, f*, with elements f*, gives the
stationary probabilities of observing each state of the
habitat. The population numbers by stage at timet are
enumerated in vector N(t). The population is governed
betweent — 1 and t by arandom vital-rate matrix X(t)
that takes on values determined by the habitat state at
timet — 1, and

N(t) = X(t) N(t — 1). (1)

The total population P(t) at time t is the sum of the
elements of N(t) and the stochastic growth rate, \g, is
obtained from the following equation:

log As = lim (Ut)log[P (t)/P(0)]. )

We obtained stochastic growth rates from numerical
simulations (Caswell 2001, Tuljapurkar et al. 2003;
note that these authors follow different conventions for
naming the matrices [see Appendix B to clarify the
relation between their equations describing population
growth in stochastic environments]). To address the
fitness consequences of the plant—animal interaction
under distinct disturbance regimes, we obtained a sto-
chastic growth rate for each of the six scenarios of moth
recolonization dynamics for each of 40 hurricane fre-
quencies. For any given hurricane frequency, compar-
ing the stochastic growth rate in the scenario of no
moths to the stochastic growth rate in a scenario of
rapid-recolonization constitutes a direct measure of ef-
fect of moths on plant fitness. Similarly, for any given
moth scenario, comparing the stochastic growth rate
across hurricane frequencies constitutes a measure of
how disturbance regime impacts plant fitness. The in-
teraction of moths and disturbance regime on fitness is
understood by examining the effects of moths at several
different hurricane frequencies.

From the historical record, Pascarella and Horvitz
(1998) calculated the probability of a hurricane at the
study sitein any given year as P(hur) = 0.081 and from
this, combined with other data, estimated a habitat tran-
sition matrix. In this paper we follow Tuljapurkar et
al. (2003) and investigate a range of hurricane fre-
quencies lower and higher than historical. Disturbance
frequency may vary in different geographical locations
or because of climate change, and our results indicate
the consequences of such variation. At the historical
hurricane frequency, the random environment is dom-
inated by the darkest habitat, 7, but at 10 times this
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frequency, the random environment is dominated by
the lightest habitat, 1 (Fig. 2C). The habitat states of
intermediate canopy openness do not dominate the
scene at any hurricane frequency, although for each
one, there is a particular frequency of peak occurrence
(see Appendix C).

Sochastic elasticity and habitat-stage elasticity

Elasticities are a tool for understanding the effects
of moths on plant fitness. Stochastic elasticity is an
analogue of deterministic elasticity. The ij* element of
E S, written g, isthe proportional changein \sproduced
by a 1% change in the ij®" population matrix element
in every state of the habitat. In Tuljapurkar et al. (2003:
494), we point out that Agwill respond to perturbations
of life-history rates in each state of the habitat differ-
ently. We describe this by matrices of habitat-stage
elasticities, E§, where B is a particular state of the
habitat. An entry, e, in each matrix, addresses the
issue of how perturbing the ij® life-history transition
when a population is in state B affects the stochastic
growth rate. It gives the potential stage and habitat-
specific selection on atrait that influences a given life-
history rate in a particular state of the habitat. With
respect to moths, their impact on plant population dy-
namics will depend upon the state of the habitat they
colonize.

For seven hurricane frequencies (see Appendix C),
we estimated habitat-stage elasticities from numerical
simulations of at least 20 000 time steps (100 000 time
steps were used when needed for inclusion of rare hab-
itat states), storing the sequences of habitat states, pop-
ulation structure vectors, u(t)’s, reproductive val ue vec-
tors, v(t)'s, population projection matrices, X(t)'s, and
one-time-step growth rates, A(t)’s, generated by the sto-
chastic process (Tuljapurkar et al. 2003). Storing these
sequences allows us to pick out occurrences of a par-
ticular habitat state in the sequence and to analyze the
behavior of the system contingent on being in this state.

For example, suppose that vital rates depend on can-
opy openness, and canopy openness changes randomly,
and that we will perturb vital rates only when thereis
a very open canopy. Formally, let F(t) indicate the
random state of the environment at time t, and let 4
indicate a set of values of the environment. We now
make a perturbation of vital rates from X to (X + 3C)
only when F(t) O4. Define the indicator function

1 ifF®)OAa
It a) = {0 ds. ©)
Then we define a habitat-stage elasticity matrix
o LE OGO Ayt - 1)
Dya) = M7 2 TN OO, u) @

Our computations use MATLAB code (MATLAB
2004).



3316

CAROL C. HORVITZ ET AL.

Ecology, Vol. 86, No. 12

<
0 0.2 0.4 0.6 0.8 1.0
0.10, — : .
)'no moths~ Mr=4.2
0.08+
L 0.06¢
< 0.04
0.02¢
0 0.2 0.4 0.6 0.8 1.0
1.0 - |
0.8/ : ; —— Habitat 1
< «—Historical — Habitat 2
= 06 — Habitat 3
g Habitat 4
o 04 —— Habitat 5
o _ Habitat 6
| | — Habitat 7 |
0 —_— f |
0 0.2 0.4 0.6 0.8 1.0

Hurricane frequency

FiG. 2. Effects of hurricane frequency on (A) plant fitness, measured by the stochastic growth rate, g, for each of six
moth scenarios of moth-recolonization dynamics (r = the moth recolonization rate); (B) the difference between fitnessin an
ideal world of no moths and fitness in a world where moth abundance increases rapidly, r = 4.2; and (C) the statistically
stationary frequency of habitat states. Forty hurricane frequencies were investigated. The historical hurricane frequency is

indicated by a vertical line.

This protocol yields a set of habitat-stage elasticity
matrices, E§, one for each state of the habitat. In our
case, there are seven states of the habitat and thus seven
EFs.

Components of habitat-stage elasticity

The stochastic elasticity, E S, isthe sum over habitats
of the habitat-stage elasticities, E§. Previous work has
established that the sum over i and j of the elements
g; of ES equals 1 (Caswell 2001). Here we point out
that a similar sum over i and j of g, for each 8 equals
the stationary probability of observing habitat B, f.,.
This quantity can also be thought of as habitat elastic-
ity, because it answers the question how the stochastic
growth rate would change if all the life-history rates
in habitat state B were perturbed by 1% each time the
state occurs. The sum of f*, over B equals 1. We also
note that a particular habitat-specific elasticity, g, is
not simply the product of f*; with the stage elasticity,

;. Indeed the difference between these quantities is
key.

The magnitude of each g;, (or any summation of
them) is the product of two components: the habitat
elasticity and the relative importance of the transition
(or the summation of several transitions) to the habitat
elasticity. The sum of all the g, for al i and j for a
given B provides a measure of the first component,
equivalently given by f*,. The second component is
given by dividing each g, by this sum. The result is
the proportional contribution of stage transitions to
habitat elasticity. This parameter allows comparison of
the shape of elasticity across states of the habitat in-
dependent of their frequency.

With respect to our focal issue, the effects of a seed
predator on fitness, we were especially interested in
habitat-stage fecundity elasticities and the proportional
contribution of fecundity to habitat elasticity. We
summed elasticities corresponding to fecundity tran-
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sitions, the top row, (i = 1). To see which kinds of
transitions were important when fecundity was not, we
also summed elasticities corresponding to regression
(above the diagonal but below the top row), stasis
(along the diagonal) and growth (below it).

REsuLTS
Effects of moths on the stochastic growth rate, \g

The effects of moths on plant fitness are subtle rel-
ative to the dramatic effects of hurricane frequency
(Fig. 2A). Plant fitness is highest in the persistently
high-light environment created by very frequent hur-
ricanes. For any given hurricane frequency, plant fit-
ness decreases as moth recolonization, r, increases,
the magnitude of this effect depending upon hurricane
frequency. The fitness difference between the no-
moths and the rapid-recolonization scenarios ranges
from O at very high hurricane frequency to a peak of
0.0827 at P(hur) = 0.1215, a bit higher than historical
(Fig. 2B). At this peak, the proportional effect of
moths on plant fitness is about 5.7% reduction in fit-
ness relative to the no-moths scenario (calculated as
()\no moths )\rapid recolonizalion)/)\no moths)' At the historical
hurricane frequency (P(hur) = 0.081), the absolute
difference in fitness is a bit lower, 0.0795, and the
proportional reduction in fitness is a bit higher, 6.0%.
This means that, given current natural conditions,
plant fitness, as measured by the stochastic growth
rate, is reduced by 6.0% by moths.

Hurricane frequency also has a much larger effect
than moths on the mean fecundity of large reproductive
plants over the entire temporal sequence of environ-
ments. The peak effect of moths on the mean fecundity
also occurs when P(hur) = 0.1215. Increasing hurri-
cane frequency increases the mean but decreases the
variability of fecundity, while introducing moths not
only decreases the mean, but also increases the vari-
ability of fecundity (see Appendix D). We do not dwell
on details of effects of moths and hurricanes on mean
fecundity itself, since this parameter is only a fitness
component, not a measure of overall fithess. We are
more interested in how sensitive the stochastic growth
rate is to changes in fecundity in particular states of
the habitat.

Habitat-stage fecundity elasticity: no moths
at the historical hurricane frequency

The main issue here is to examine how sensitive
fitness is to changes in life-history rates in particular
environments. Recall that when summed over all life-
history rates and all habitats, the habitat-stage elastic-
ities will sum to 1. Thus we are searching for the el-
ements that make the biggest contribution to total elas-
ticity. We first focus on the scenario of no moths at the
historical hurricane frequency.

The stochastic growth rate is not very sensitive to
changes in fecundity in any state of the habitat. Fe-
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Fic. 3. Habitat-stage elasticity and its two components
for fecundity (summed across all relevant stages) for theideal
world of no moths, at the historical hurricane frequency. (A)
Se;, fori =1, al j, for each B is the habitat-stage elasticity
for fecundity; (B) Xg;, for all i and j, for each B isthe habitat
elasticity; and (C) (2, for agiven type of life-history rate)/
(>&;, for al i and j) is the proportion of habitat elasticity
contributed by particular types of life-history rates (fecundity,
black; stasis, gray; growth, white) within each habitat. The
contribution of regression is too small to be visible.

cundity elasticity summed across all B’s only accounts
for 8.5% of total elasticity. We investigate for which
state of the habitat would small changes in fecundity
have the greatest impact on the stochastic growth rate.
Habitat-stage fecundity elasticities (2, fori = 1, all
j, for each B) address this issue (Fig. 3A). The darkest
state of the habitat, 7, has higher habitat-stage fecundity
elasticity than other states (Fig. 3A).

There are two factors that determine the magnitude
of habitat-stage €elasticity. The first is the frequency of
the habitat state in the temporal sequence, e, for
al i and j, for each B, gives the habitat elasticity or
equivalently the frequency of the habitat state. Fig. 3B
shows that state 7 is indeed more frequent in the se-
quence. The second factor (shown in Fig. 3C) compares
the relative contribution of fecundity with that of re-
gression, stasis, and growth to the habitat elasticity. It
might have been that fecundity contributed a high pro-
portion to the elasticity of state 7, however this was
not the case (Fig. 3C). By way of contrast, examine
state 2, second in importance in fecundity elasticity
(Fig. 3A). There is a greater contribution of fecundity
to habitat elasticity of state 2 than of state 7 (Fig. 3C),
so that is a factor for state 2 rather than simply its
frequency (Fig. 3B). In summary, at the historical hur-
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frequency is indicated by a vertical line.

ricane frequency, which represents current natural con-
ditions, events in the darkest state of the habitat (state
7) dominate the stochastic dynamics of the plant, and
the stochastic growth rate is quite insensitive to fe-
cundity perturbations within this state.

Thus, this analysis shows us that it is not surprising
that an animal like our moth, whose biggest stage-state-
specific impact is on fecundity rates in habitat state 7,
has relatively little impact on the stochastic growth
rate. However, the habitat-stage elasticity analysis up
to here concerns a small perturbation of fecundity.
What further insights may be obtained by adding moths
to the model (changing fecundity in the complex way
that they actually do when they recolonize) and chang-
ing the disturbance regime? How does the elasticity
behave and how does this help us to understand our
results?

Habitat-stage fecundity elasticity: adding moths
and varying hurricane frequency
Habitat-stage elasticities—Fecundity elasticity in
the lightest state of the habitat (state 1) increases with

hurricane frequency (Fig. 4A) as does its frequency in
the environment (Fig. 2C), while that of state 2 peaks
at P(hur) = 0.1620, as does its frequency in the en-
vironment. For these two light states, the hurricane
effect is, perhaps surprisingly, independent of the pres-
ence of moths (Fig. 4C). When these states dominate,
the magnitude of fecundity elasticity overall is higher,
suggesting that we might expect alarge effect of moths.
However, in our system moths are not found in these
states, even at high rates of moth recolonization (Ap-
pendix A) and there is no opportunity for them to affect
the dynamics.

In contrast, moths can be abundant in the darkest
state of the habitat (state 7) (Appendix A). Thus, this
is the state of the habitat that exhibits the largest effect
on elasticity of adding moths (Fig. 4C), but only at low
hurricane frequencies, when it very strongly dominates
the environment. Adding moths at low hurricane fre-
quencies to already dark habitats with low seed pro-
duction, lowers not only the fecundity itself, but also
lowers the sensitivity of the stochastic growth rate to
fecundity (Fig. 4C).
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Effects of hurricanes and moths on the contribution of fecundity to habitat elasticity. Two scenarios of predator

abundance are depicted: (A) an ideal world of no moths and (B) a world where moth abundance increases rapidly, r = 4.2.
Differences between the two scenarios are in (C). Seven hurricane frequencies were investigated (Appendix C). The historical

hurricane frequency is indicated by a vertical line.

Habitat-stage fecundity elasticity of states 3 and 4
also are lowered by adding moths, but only at inter-
mediate hurricane frequencies, with peak effects on
elasticity, respectively, at P(hur) = .1215 and P(hur)
= 0.0810. This result is not explained by the frequen-
cies of these states in the environment, but it is best
understood by examining the contribution of fecundity
to habitat elasticity of these two states.

Habitat elasticities.—The habitat elasticities are the
same as the statistically stationary frequencies of hab-
itat states (Fig. 2C) and are not affected by moths.

Contributions of fecundity to habitat elasticity.—The
effects of moths and hurricanes on the contributions of
fecundity to habitat elasticities are complicated and
fascinating. Fig. 5 depicts the contribution of fecundity
(vs. the other types of transitions, which are not pic-
tured) to habitat elasticity for each state of the habitat.
These elasticities contain information about expected
changes in the future environment. The patterns fall
into three groups: (1) the three darkest habitats, 5, 6,
and 7; (2) the two lightest habitats, 1 and 2; and (3)
two intermediate habitats, 3 and 4 (Fig. 5).

First, the contribution of fecundity to elasticity of
dark states (5, 6, and 7) are low at low hurricane fre-
quency but increase with hurricane frequency, in both
the presence and absence of moths. (Fig. 5A and B).
This is interesting because these dark habitats do not
themselvesincreasein frequency as hurricanesincrease
in frequency—quite the contrary (Fig. 2C).

Second, the contribution of fecundity to elasticity of
light states 1 and 2 is relatively stable at about 10—
15% across hurricane frequencies, in both the presence
and absence of moths, except at the very lowest hur-
ricane frequency in the rapid-recolonization scenario
(Fig. 5A and B).

Third, moths markedly alter the response of elasticity
structure to hurricane frequency for intermediate states
3 and 4 (Fig. 5C). In the absence of moths, fecundity
contributes 15-20% to the habitat elasticity of states 3
and 4 (Fig. 5A). In the presence of moths, the relative
importance of fecundity for states 3 and 4 increases
monotonically from near 5% to around 20% at the high-
est hurricane frequency (Fig. 5B). Putting these two
patterns together, we see that moths decrease the con-
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tribution of fecundity to habitat elasticity of states 3
and 4, especially at low hurricane frequency, where the
effect is as much as a 10% difference (Fig. 5C).

Relating components back to overall habitat-stage
fecundity elasticity.—The relative importance of states
3 and 4 is higher than would be predicted by their
frequency, especially in the absence of moths. This
elevation of importance is due to their prominent role
in the contribution of fecundity to habitat elasticity
(Fig. 5). The pattern can be most clearly seen by fo-
cusing on the difference between the moth scenarios
(Figs. 4C and 5C).

DiscussioN

Our study emphasizes several important aspects of
plant—animal interactions in random environments.
First, the appropriate parameter for studying the effects
of animals on plant fitness in random environments is
the stochastic growth rate (Tuljapurkar 1982). Thus, to
analyze the effects of an animal on plant fitness, we
need to know not only its effects on particular vital
rates in each state of the environment and the relative
frequency of those states, but also the expected tem-
poral pattern of variation among the states and rates.
The second point of general importance is that the con-
sequences of these factors arerevealed only by analysis
of the stochastic dynamics, including the habitat-stage
elasticity. This new parameter contains information
about the expected future sequence of states of the
habitat. The expected future alters the sensitivity of
fitness to current events. The same event in the context
of one future would have a different meaning in the
context of a different future. Our understanding of the
stochastic dynamics was enhanced by comparing the
fitness effects of fecundity perturbations across distur-
bance frequencies and moth-recolonization dynamics.
Disturbance regime altered the expected future se-
quence of states of the habitat and moth-recolonization
dynamics altered the expected state-specific impact of
moths on plants. The two factors interacted to provide
new insights.

Effects of moths on the stochastic growth rate, \g,
and on fecundity

There are three general conclusions for this section.
First, an animal’s effect on a single vital rate in a fre-
quent state of the habitat is not a measure of itsimpact
on fitness. This result is not surprising to plant de-
mographers who are used to the idea that a fitness com-
ponent is not the same as fitness. However, what is a
new emphasis in this paper is that the effect on the
long-term dynamics is not the same as its effect on the
demographic quality of the most frequent state of the
environment (given by an eigenvalue analysis of the
demography of that single state). In our study system
a moth destroyed nearly 90% of the fruits in the most
frequent state of the habitat, but reduced the stochastic
growth rate by only about 6% (at the historical hurri-
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cane frequency). If there were a plant phenotype char-
acterized by atrait that was able to exclude all moths,
the advantage to that phenotype would at maximum be
6%.

That an effect on a single vital rate is not the same
as an effect on population growth rate is well known
in the demographic literature for time-invariant models
and is beginning to become known in the plant—animal
interaction literature (Ehrlen 1995, 2003), especially
with respect to hiological control of invasive plants
(Parker 1997, 2000, Shea and Kelly 1998, McEvoy and
Coombs 1999). What is new here is the habitat-stage
analysis for a varying environment. Our results show
that a single-state demographic analysis of a plant—
animal interaction in the most frequent state of the
habitat will provide only limited insight into its effect
on the long-run success of the plant population when
there is temporal variation in demography. Bastrante
et al. (1995) also found an interaction of environmental
variability and herbivores in their effects on plant fit-
ness. Most relevant was that the sequencing of envi-
ronments mattered in their study. Long-run growth was
actually favored by seriesthat included several ‘‘ poor’
years being followed by a good year. In poor years the
age structure shifted to favor large plants that can pro-
fusely produce seeds in good years; the population was
dominated by these super producers in good years,
overcompensating for the series of poor years. This
example also shows that the evaluation of a habitat as
“poor’” from its single-habitat viewpoint may be in-
complete. The value of a current demographic event
for long-run growth will depend upon the future states
of the habitat.

Second, the effects of an animal on the stochastic
growth rate depends upon the disturbance regime. In
exploring hurricane frequencies over two orders of
magnitude, we found a maximum effect of animals on
the stochastic growth rate at an intermediate frequency
of disturbance. This particular result emerges from the
biology of our system. Moths have a small effect in
the highly disturbed environment, which is dominated
by a state that has low probability of moth recoloni-
zation and high persistence, even though it has rela-
tively high fecundity elasticity. Moths also have asmall
effect in the relatively undisturbed environment but for
a different reason; this environment is dominated by a
state that has high probability of moth occupancy, high
persistence, but low fecundity elasticity. Here, adding
moths does affect a vital rate in that state; but the
stochastic growth rate is relatively insensitive to per-
turbations of this vital rate in that state. Intermediate
rates of disturbance result in a more dynamic habitat,
one in which an uncolonized state is more likely to
become a colonized state and a state with low elasticity
is more likely to become a state with high elasticity.
The way these environmental transitions affect the sto-
chastic growth rate is encapsulated by the habitat-stage
elasticity.
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Third, the exclusion of an animal could change not
only the mean, but also the variance of a vital rate
across time by amounts that depend upon the distur-
bance regime.

Effects of moths and hurricanes on habitat-stage
fecundity elasticity

The stochastic growth rate is differentially sensitive
to events (interactions with animals or any other event
that affects avital rate) in different states of the habitat
as a result of two factors: the frequency of the state in
the environment and the contribution of each life-his-
tory transition to habitat elasticity. The latter is the
more interesting. Our habitat-stage elasticity is con-
ditional upon being in state B at time t; in a sense it
“‘integrates’ over expected future sequences of habi-
tats. In contrast to elasticity in atime-invariant model,
here the relative importance of life-history transitions
in a given state is influenced by future states of the
environment.

Recall the contribution of fecundity to habitat elas-
ticity in the context of a changing disturbance regime.
The value of making seeds in the three darkest states
of the habitat increases with hurricane frequency be-
cause in that case today’s dark habitats are more likely
to become lighter. Light environments are better for
growth and reproduction. The value of making seeds
in the two lightest states of the habitat is relatively
independent of the rest of the environmental context,
because at all but the lowest hurricane frequencies, the
expected proximal sequence of states is likely to be
beneficial for growth and survival. The value of making
seeds in intermediate states of the habitat that are rel-
atively low frequency, is complexly related to moths,
hurricane frequency, and the expected pattern of future
habitat states. The fitness benefit of making more seeds
when a population isin state 3 is complex both because
the disturbance regime can markedly alter the expected
sequence of future states and because the predator alters
the demographic quality of these states.

Finally, the presence of the plant—animal interaction
itself may alter the sensitivity structure. When animals
lower a life-history rate they may also lower the pro-
portional sensitivity of population growth to that rate.
In the absence of moths, the stochastic growth rate is
more sensitive to fecundity changes in states 3 and 4
than when moths are present. Thus, animals not only
lower the value of the vital rate in these habitats but
also lower the sensitivity of the stochastic growth rate
to the vital rate. More generally, the plant—-animal in-
teraction ‘‘pushes’” the system towards an altered sen-
sitivity structure, altering the selective regime. Thisis
not simply an artifact of the additivity of elasticities
but it is a biologically interesting result.
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APPENDIX A
The models of moth population dynamics are available in ESA's Electronic Data Archive: Ecological Archives E086-182-

Al.

APPENDIX B

The relation between Tuljapurkar’s and Caswell’s equations describing population growth in stochastic environments is
described in ESA's Electronic Data Archive: Ecological Archives E086-182-A2.

APPENDIX C
Information about hurricane frequencies chosen for further study is available in ESA’'s Electronic Data Archive: Ecological

Archives E086-182-A3.

APPENDIX D
Effects of moths on the mean and variability of the fecundity of large reproductive plants are presented in ESA’s Electronic

Data Archive: Ecological Archives EO86-182-A4.



