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Abstract. In long-lived organisms, it is often difficult to determine which environmental
factors will have the largest effects on population dynamics. In this study, I incorporated
the results of short-term experiments and observations into a demographic matrix model
to determine the effects of both herbivory and pollen limitation on the dynamics of a
declining population of the perennial herb Trillium grandiflorum. While pollen supple-
mentation experiments in both 1999 and 2000 revealed that plants produce fewer seeds as
a result of pollen limitation, this pollen limitation had almost no effect on the growth rate
of the population. White-tailed deer (Odocoileus virginianus) consumed nearly half of the
reproductive plants in this population in 2000 and 2001. Herbivory causes reproductive
and large nonreproductive plants to regress in stage and have lower fecundity. In the absence
of herbivory, demographic projections suggest that the population would shift from de-
clining to growing, the proportional representation of new recruits would rise, and plants
in larger stage classes would have higher reproductive values. Such shifts in the reproductive
values and stable stage distribution result in shifts in elasticities. A life table response
experiment demonstrated that, while herbivory affected six vital rates, two of these con-
tributed disproportionately to the change in the population growth rate: reproductive plants
remaining reproductive and large nonreproductive plants remaining nonreproductive. In
this population, herbivores contribute more to its decline than pollinators. Thus, active
long-term management of deer populations appears necessary for the conservation of un-
derstory herbs such as Trillium grandiflorum.
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INTRODUCTION

The persistence of a plant population in a given hab-
itat will depend, at least in part, on the strengths of its
interactions with other species. Plants are negatively
affected by antagonists such as herbivores and posi-
tively affected by mutualists such as pollinators. Thus,
both herbivores and pollinators may be expected to
influence the dynamics of a plant population, such as
the growth rate. While many studies have examined
the effects of both herbivores (reviewed in Huntly
1991, Stowe et al. 2000) and pollinators (reviewed in
Burd 1994, Wilcock and Neiland 2002) on aspects of
plant fitness, few have linked these biotic interactions
to plant population growth rates (but see Bierzychudek
1982, Calvo and Horvitz 1990, Bastrenta et al. 1995,
Ehrlen 1995, Ehrlen and Eriksson 1995, Parker 1997,
Garcia and Ehrlen 2002, Rooney and Gross 2003). To
date, none have explored the simultaneous effects of
different types of biotic interactions on the population
growth rate.

Many measures of plant fitness (e.g., survival, seed
production) may poorly predict the population dynam-
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ics of long-lived plants with stage structured popula-
tions (McGraw and Caswell 1996, Crone 2001). The
population-level effects of an interacting species de-
pend on three primary factors: (1) which vital rates
(e.g., stage-specific rates of fecundity, survival) are af-
fected, (2) the magnitude of change in those vital rates,
and (3) the sensitivity of the population growth rate to
changes in those vital rates (Caswell 2001). With these
factors in hand, ecologists can understand the role of
the interactor on the population growth rate of the focal
species (e.g., Ehrlen and Eriksson 1995, McPeek and
Peckarsky 1998), estimate the contribution of each vital
rate to the change in the population growth rate through
life table response experiments (LTREs; e.g., Caswell
1989, 2001, Miriti et al. 2001, Garcia and Ehrlen 2002),
and simulate how changes in the effects of the inter-
actor will influence population growth parameters (e.g.,
Doak 1992, Parker 1997).

Herbivores can influence several vital rates of plants,
including growth, survivorship, and fecundity (re-
viewed in Huntly 1991, Stowe et al. 2000). While only
a few studies have examined the effect of herbivory
on the entire life cycle of focal plant populations, and
the consequent population growth rate, all have found
that the effects of herbivory on fitness components of
individuals scaled up to influence the plant population
growth rate (Bastrenta et al. 1995, Ehrlen 1995, Rooney
and Gross 2003). Pollinators positively influence fe-



916 TIFFANY M. KNIGHT Ecological Applications
Vol. 14, No. 3

PLATE 1. A reproductive Trillium grandiflorum. Photo
credit: Jonathan Chase.

cundity. While hundreds of studies have estimated the
degree of pollen limitation with supplemental polli-
nation experiments (Burd 1994), to date only a few
studies have examined the effects of pollen limitation
on plant population growth rate (Bierzychudek 1982,
Ehrlen and Eriksson 1995, Parker 1997, Garcia and
Ehrlen 2002), and most of those found that increased
pollination success did not increase population growth
rate. A more complete investigation on the effects of
both herbivores and pollinators would allow the com-
parison of biotic interactions with qualitatively differ-
ent effects, both in terms of the vital rates affected, as
well as whether they have negative or positive effects
on those vital rates.

In this study, I used a demographic matrix model to
quantify the population growth rate of a population of
the perennial herb, Trillium grandiflorum. This plant
was chosen because it currently experiences high levels
of herbivory by white-tailed deer (Odocoileus virgi-
nianus Zimmerman), a native herbivore whose increase
in abundance over the past few decades has been a
topic of conservation concern for many understory
plants (Alverson et al. 1988, McShea et al. 1997, Au-
gustine and Frelich 1998, Russell et al. 2001). In ad-
dition, T. grandiflorum is self-incompatible and relies
on visitation by insect pollinators. Reproduction in T.
grandiflorum has been shown to be limited by pollen

receipt (Kalisz et al. 1999, Wright and Barrett 1999,
Irwin 2000, Knight 2003c). In concurrent studies in the
study population, I found that plants were consumed
by deer at high frequencies (Knight 2003a) and were
pollen limited (Knight 2003c).

The goal of this study was to simulate how removing
herbivory and pollen limitation would alter the popu-
lation growth rate, stable stage distribution, and elas-
ticities of this population. I created and compared four
matrices for this population: (1) an ambient matrix, (2)
a no herbivory matrix (all plants eaten by deer were
excluded), (3) a no pollen limitation matrix (fecundity
of plants in supplemental pollination treatments used),
and (4) a no herbivory and no pollen limitation matrix.
Finally, because herbivory affected several vital rates,
I used an LTRE to determine the relative contribution
of each to the variation in population growth rate, l,
among the ambient and no herbivory matrices.

METHODS

Study system

Trillium grandiflorum (see Plate 1) occurs in the un-
derstory of deciduous forests throughout eastern North
America (Case and Case 1997). In northwest Pennsyl-
vania, plants emerge in early spring (late April), bloom
for two to three weeks, and senesce in mid summer
(late July). Populations consist of six easily distin-
guished life stages: germinant (germinated seed with
roots), seedling (a single cotyledon), one leaf (a stem
and one true leaf), three leaf (a stem and a whorl of
three leaves), dormant (no aboveground structures),
and reproductive (a stem, three leaves, and a single
flower).

Trillium grandiflorum is a preferred food of white-
tailed deer. White-tailed deer have increased dramati-
cally throughout eastern North America over the past
501 years as a result of a variety of anthropogenic
factors, including the additional food provided by mod-
ern agricultural practices and the eradication of large
carnivores (McCabe and MaCabe 1997). Trillium gran-
diflorum is primarily pollinated by bumblebees (Bom-
bus spp.; Wright and Barrett 1999, Irwin 2000, 2001).
While the mating system of T. grandiflorum varies
across its range from self-compatible to self-incom-
patible (Broyles et al. 1997, Kalisz et al. 1999, Irwin
2000, 2001, Sage et al. 2001), at my study site, T.
grandiflorum is self-incompatible, and therefore plants
cannot produce seeds without receiving outcrossed pol-
len (Knight 2003b).

The population used for this study occurred in Tryon
Webber Woods (808219 W, 418369 N), an old-growth
beech and maple forest located in Crawford County,
Pennsylvania, owned by the Western Pennsylvania
Conservancy, and stewarded by the Pymatuning Lab-
oratory of Ecology (University of Pittsburgh). In other
studies on herbivory and pollen limitation in T. gran-
diflorum, I considered 12 populations that occurred
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within a 50-km radius in similar forest types (for more
details see Knight 2003a, b, c). The population consid-
ered in this study was the only one to have both high
levels of deer herbivory (Knight 2003a) and consistent
pollen limitation (Knight 2003c). Thus, it was the only
population where the opportunity to look at the pop-
ulation-level influence of two biotic interactions ex-
isted. At the time of the study, there were ,200 re-
productive individuals in this population even though
the area of the population encompassed .1000 m2.

Demography

To estimate the stage-specific vital rates of this pop-
ulation necessary for the construction of a matrix mod-
el, I set up plots to monitor vegetative plants and seed
baskets to monitor seeds. In April 1999, I established
27 1-m2 plots selected randomly throughout the range
of the population. All plants within these plots were
permanently tagged, classified by stage (seedling, one-
leaf, three-leaf, and reproductive), and measured (leaf
length). These plants were censused again in April of
2000 and 2001, when the plants first emerged, and be-
fore any herbivory occurred. New seedlings that ap-
peared in these plots were tagged. In total, 482 indi-
viduals were followed within these plots. The fecundity
of all reproductive plants in the plots was determined
in 1999 and 2000. Plants that were eaten by deer or
that failed to set fruit were scored as having had zero
fecundity. For all reproductive plants that were not eat-
en by deer, I counted the number of seeds within each
developed fruit in early July, just before the fruits
would naturally drop from the plants.

In 1999, I estimated seed germination rate by placing
sieved soil from the site and 30 seeds (from a bulk
collection made from mature fruits on plants outside
the plots) into each of ten 25-cm3 seed baskets (1-mm
mesh). These seed baskets were imbedded in the soil
next to the demographic plots. Because T. grandiflorum
germinants produce roots but no aboveground struc-
tures in their first growing season, five of these seed
baskets were collected and sieved in May 2000 to es-
timate the germination rate of seeds. The remaining
five seed baskets were examined in 2001 to estimate
the proportion of seeds that survived and emerged into
the seedling stage.

Frequency of herbivory

The frequency of herbivory on each stage was de-
termined by observing plants in the demography plots
in 1999 and 2000. I monitored these tagged plants ev-
ery two days in April and May, which was when most
of the herbivory occurred, and every other week in June
and July. Deer herbivory is easily identified by a
straight cut on the remaining stem.

Pollen supplementation experiments

Pollen limitation is often determined by pollen sup-
plementation experiments (.250 studies; see Burd

1994), which consist of two treatments, supplement and
control. Plants in the supplement treatment have a sat-
urating amount of pollen applied to their stigmas. If
pollen doesn’t limit the seed production, then the num-
ber of seeds would not differ among plants in the sup-
plement and control pollination treatments. Alterna-
tively, if pollen limits seed production, then plants giv-
en supplemental pollen will mature more seeds than
control plants. Burd (1994) surveyed pollen supple-
mentation studies of 258 species and found significant
pollen limitation at some times or in some sites in 62%
of these. Plants that are self-incompatible, such as T.
grandiflorum, had a higher incidence of pollen limi-
tation than self-compatible plants (Burd 1994).

To quantify the extent to which pollen limits the seed
production of plants in this population, I performed a
pollen supplementation experiment in 1999 and 2000.
In each year, I selected 40 pairs of reproductive plants
that were similar in size and in close proximity to each
other (to minimize variation in plant resource and mi-
crosite conditions). Different plants were used in each
year. One plant of a pair was randomly assigned to
either supplement or control pollination treatment. I
applied pollen to the stigmas of flowers in the supple-
ment treatment with a fine paintbrush once during the
peak flowering time. The pollen was collected from 30
plants in a different population. These plants were also
left open to natural pollination. Previous experiments
have shown that there is no effect of pollen source on
seed set (Knight 2003b). Plants in the control treat-
ments were not manipulated. In early July, I determined
whether each flower had set fruit, and counted the num-
ber of seeds in each fruit.

One of the advantages of this species is that each
reproductive plant produces only one flower and ma-
tures at most only one fruit. This makes it easy to apply
the pollen supplementation treatment to the entire
plant, and judge if the reproductive success of plants
is limited by pollen receipt. Pollen supplementation
experiments may wrongly conclude pollen limitation
when the treatments are applied at the flower level, and
resource reallocation among flowers on a plant occurs
(Zimmerman and Pyke 1988).

In both years, .40% of plants in the pollen supple-
mentation experiment were consumed by white-tailed
deer and were excluded from statistical analyses on
pollen limitation. This reduced the sample sizes in 1999
to 16 plants in the supplement and 19 plants in the
control treatment, and in 2000 to 24 plants in the sup-
plement and 27 plants in the control treatment. How-
ever, in both years, the remaining supplement and con-
trol plants did not differ in size (estimated as leaf
length; ANOVA in 1999, F1,35 5 0.92, P 5 0.35; in
2000, F1,51 5 1.194, P 5 0.28), suggesting that although
the pairings based on size were lost, on average there
was no size difference between plants in the treatments.
The effects of pollination treatment, year, and treatment
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3 year interaction on the number of seeds per plant
were analyzed using ANOVA.

An increase in the number of seeds due to pollen
supplementation may come at a cost to the plant. Such
costs include: (1) regression to a nonreproductive stage,
(2) less growth, (3) fewer seeds produced in future
years, and (4) smaller seed size or mass. These costs
are particularly relevant because they may counteract
the demographic benefits of increased seed production.
I asked whether or not T. grandiflorum with higher
reproductive success are more likely to regress in stage
or size. To test for this, I first dissected all of the fruits
from plants in the 1999 pollen supplementation ex-
periment (N 5 35), counted the number of seeds and
unfertilized ovules, and determined seed set (the pro-
portion of ovules that had matured into seeds). In April
2000, I returned to these plants (N 5 31 plants) and
classified them by stage. I used logistic regression to
determine if seed set in 1999 predicted whether plants
regressed back to a nonreproductive stage in 2000. The
model for the logistic regression was

y 5 ln[P/(1 2 P)] 5 a 1 bx 1 e

where y is the stage in 2000 (0 if not reproductive, 1 if
reproductive), P is the probability of being reproductive
in 2000, x is seed set, e is the error, and a and b are
constants. In both years, I measured the size (estimated
as leaf length) of the plants in late April, and calculated
the relative growth rate (RGR) as follows:

RGR 5 log (leaf length in 2000)e

2 log (leaf length in 1999).e

I used linear regression to determine if seed set in 1999
predicted RGR. I only included the RGR of plants that
remained reproductive in 2000 in this analyses (N 5
23), and therefore changes in RGR are independent
from changes in stage. I did not look for any other
costs of increased seed production (i.e., lower seed size
or mass), although these may occur. All statistical anal-
yses were done using SYSTAT (1999).

DEMOGRAPHIC MATRIX MODEL CONSTRUCTION

The matrix model was

N 5 ANt11 t

where the vector Nt gives the number of individuals in
each stage class at time t, Nt11 is the vector for the
population size in the next year. The rates of survival,
growth, and/or fecundity measured for each stage class
from one year to the next (i.e., the vital rates) make
up the elements (aij) in a demographic matrix, A (Cas-
well 2001). I constructed a six-stage demographic ma-
trix (A) with 13 matrix elements (aij) for this population
of T. grandiflorum. The stages included: germinant
(Germ), seedling (SL), one leaf (1L), small three leaf
(S3L), large three leaf (L3L), and reproductive (Rep).
The transition from reproductive to germinant (here-

after fecundity) is the product of seed production (no.
seeds per plant) and germination rate, since both occur
within a one-year time interval.

Small three-leaf plants never advanced to the repro-
ductive stage and had some probability of regressing
to the one-leaf stage, whereas three-leaf plants larger
in size had some probability of advancing to the re-
productive stage but never regressed to the one-leaf
stage. For this reason, I divided the three-leaf stage
into two stages for the model; small three-leaf (leaf
length ,5cm) and large three-leaf (leaf length .5cm).
Both three-leaf and reproductive plants can actually
become dormant, remaining below ground for one or
more growing seasons (Hanzawa and Kalisz 1993).
However, in this demographic model, dormant indi-
viduals were classified as large three-leaf plants for two
reasons. First, the demographic fate of dormant plants
was very similar to that of large three-leaf plants. Plants
in both stages have no fecundity, no observed mortality,
and can transition into a small three-leaf, a large three-
leaf, or a reproductive stage. Second, because plants
in this population rarely transition into dormancy (,5%
of reproductive and large three-leaf plants), a model
which combines these large three-leaf and dormant in-
dividuals into one stage will likely have less error as-
sociated with it than a more complex model with rarely
observed transitions.

Several population-level parameters can be projected
from A. The population growth rate, l, is the dominant
eigenvalue of A. When l is ,1, the population de-
clines, and when l is .1, the population grows ex-
ponentially. The reproductive value (v) and relative
frequency of each stage class at stable stage distribution
(w) are the left and right eigenvectors of A, respectively
(Caswell 2001). The reproductive value (v) gives the
present value of the future offspring produced by in-
dividuals in each stage class (Caswell 2001). Typical
reproductive values of perennial plants are low at birth
and increase to a peak near the reproductive stages.
The low value at birth reflects the high probability that
individuals in the youngest stage classes will die before
reproducing and the long delay before reaching a re-
productive stage (Caswell 2001). The stable stage dis-
tribution, w, is the proportional representation of each
stage. Regardless of the initial proportion of individ-
uals in each stage, the population will eventually reach
stable stage distribution and the proportion of individ-
uals in each stage class will remain constant (Caswell
2001). Perturbation analyses of A, such as sensitivities
(sij),

v w]l i js 5 5i j ]a ^w, v&i j

and elasticities (eij),

a ]l ](log l)i je 5 5i j l ]a ](log a )i j i j

calculate the absolute and proportional effects of small
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changes in each matrix element on the population
growth rate (de Kroon et al. 1986, Caswell 2001).
These prospective analyses are used to determine the
effect that small changes in a matrix element would
have on l.

In order to quantify how removing herbivory and
pollen limitation would alter the population dynamics,
I created four demographic matrices for this single pop-
ulation: ambient, no herbivory, no pollen limitation,
and no herbivory and no pollen limitation. All plants
that were part of the demographic censuses in plots and
seed baskets were included in the ambient matrix.

In the ‘‘no herbivory’’ matrix, I excluded all plants
that were consumed by deer from the matrix. This sim-
ulates the effect that removing herbivory would have
on the population. When a plant was eaten in 1999 but
not 2000, then the 1999–2000 data for the plant was
deleted, but the 2000–2001 data was left in the data
set, and vice versa for plants eaten in 2000 but not
1999.

There are several potential biases with the ‘‘no her-
bivory’’ matrix method relative to the actual removal
of herbivores. First, while this method does take into
account deer preference for individuals in different
stage classes, it does not take into account deer pref-
erence within a stage class. For example, if deer con-
sume only the largest reproductive plants, the demo-
graphic effects of herbivory would be underestimated.
However, I suggest that deer choice of individuals with-
in a stage is not likely to bias the predictions of the
‘‘no herbivory’’ matrix. In another study in this and
other T. grandiflorum populations (Knight 2003a), I
found congruence in the demographic response of
plants that were naturally eaten by deer (i.e., where
deer were able to choose plants), and that were exper-
imentally clipped (i.e., where ‘‘herbivory’’ was ran-
domly imposed).

Second, this method only takes into account the di-
rect effects of herbivory (i.e., deer consumption of
plants). However, deer may indirectly affect the de-
mography of this population. For example, deer tram-
pling and soil compaction could negatively affect seed
germination rates and seedling survival. If so, the ac-
tual removal of deer would demographically benefit T.
grandiflorum more than the ‘‘no herbivory’’ matrix
would suggest. However, it is also possible that deer
have indirect negative effects on T. grandiflorum. For
example, many other species of understory herbs may
increase in abundance if deer were removed, and com-
pete with T. grandiflorum for light and nutrients. Be-
cause quantifying these indirect effects and incorpo-
rating them into the demographic matrix model were
beyond the scope of this study, this study is focused
solely on the direct effects of deer herbivory on T.
grandiflorum. It is likely that these direct effects will
be of greater demographic importance than indirect ef-
fects.

Third, reproductive plants in this population may
currently be smaller in size, on average, than they
would be if deer were actually removed. Indeed, the
mean leaf length of plants in T. grandiflorum popula-
tions with lower levels of herbivory is 1.5 cm larger
than those of this population (and another population
with high levels of herbivory; Knight 2003a). This may
occur because past herbivore attacks cause plants to
have fewer stored resources. Larger plants produce
more ovules and are more likely to remain in the re-
productive stage from one year to the next (Knight
2003a). Therefore, the ‘‘no herbivory’’ matrix likely
underestimates the demographic benefits of removing
deer. One way to estimate how the removal of deer
might change the average size of the reproductive
plants, and their vital rates, would be to use the vital
rates of populations that currently experience low lev-
els of herbivory. I examined how changing the vital
rates of reproductive plants in the ‘‘no herbivory’’ ma-
trix to the values of populations with less herbivory
alters the projections of the ‘‘no herbivory’’ matrix.
However, these results should be interpreted with cau-
tion, since many other things may vary across these
populations besides herbivory that influence vital rates.

To simulate how removing pollen limitation would
affect the population, I created a ‘‘no pollen limitation’’
matrix. In this matrix, the number of seeds produced
by reproductive plants was augmented by a constant
value, which was the difference in the number of seeds
between plants in the supplement and control polli-
nation treatment (i.e., the effect size). Since plants con-
sumed by white-tailed deer did not make any seeds,
the number of seeds produced by these plants was not
augmented.

To simulate how removing pollen limitation and her-
bivory would affect the population dynamics, I created
a ‘‘no pollen limitation and no herbivory’’ matrix. In
this matrix, I excluded all plants that were consumed
by deer and increased the number of seeds produced
by reproductive plants by a constant (the difference in
the number of seeds between plants in the supplement
and control pollination treatments).

Confidence intervals

The matrix elements (aij) and projections (l, w, v,
sij, eij), are based on demographic data that is collected
with some degree of sampling error. To obtain 95%
confidence intervals around these, when their under-
lying distribution was unknown, I used bootstrap re-
sampling (McPeek and Kalisz 1993, Caswell 2001).
The original demographic data set for this population
included information on the fate of every individual in
the plots and seed baskets, including its stage in 1999,
2000, and 2001, whether or not it was eaten by deer
in each year, and its fertility. A bootstrap data set was
created by sampling individuals with replacement from
the original demographic data set. The sample size of
the bootstrap data set was identical to the original data
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FIG. 1. The mean percentage (and 95% confidence inter-
vals, calculated from 1000 bootstrap matrices) of reproduc-
tive and large three-leaf Trillium grandiflorum consumed by
deer ([no. plants consumed in stage i/no. plants in stage i] 3
100) in 1999 and 2000.

FIG. 2. Mean (6 1 SE) number of seeds per plant in Tril-
lium grandiflorum in each pollination treatment (supplement,
control) and year (1999, 2000). A one-way ANOVA showed
a significant effect of pollination treatment (F1,86 5 7.59, P
5 0.01), but not of year (F1,86 5 0.47, P 5 0.50) or of treat-
ment 3 year interaction (F1,86 5 0.03, P 5 0.87).

set. The original demographic data set contained 782
individuals (482 in plots and 300 in seed baskets). The
process of creating a bootstrap data set was repeated
1000 times, to create 1000 bootstrap data sets. The
population growth rate, stable stage distribution, re-
productive values, sensitivities, and elasticities were
calculated on each of the 1000 bootstrap matrices using
MATLAB (2000). Thus, for each matrix projection of
interest, I could obtain 95% confidence intervals
around the median value.

This bootstrapping procedure was repeated for the
‘‘no pollen limitation,’’ ‘‘no herbivory,’’ and ‘‘no pol-
len limitation and no herbivory’’ matrices. The original
data set was modified to simulate the removal of pollen
limitation, deer, or both before 1000 bootstrap data sets
were created. The median matrix projections (and 95%
confidence intervals) were calculated from these 1000
bootstrap data sets.

Life table response experiment

Because herbivory occurs on both reproductive and
large three-leaf plants, herbivory can potentially affect
six vital rates. I used a life table response experiment
(LTRE) to determine the contribution of each vital rate
to the difference in l between the ‘‘ambient’’ matrix
(A) and the ‘‘no herbivory’’ matrix (NH). The contri-
bution of a vital rate (i.e., matrix element, aij) depends
on both the magnitude of differences in that vital rate
between A and NH, and the sensitivity of l to changes
in that vital rate (sij 5 dl/daij):

NH A NH Al 2 l ù (a 2 a )s .O i j i j i j
i j

An average matrix, which had vital rates that were
midway between the values for A and NH was created.

The sensitivities used in the LTRE were from this av-
erage matrix (Caswell 2001).

RESULTS

Frequency of herbivory

Herbivory was stage specific. Plants in both repro-
ductive and large three-leaf stages experienced some
herbivory in both 1999 and 2000 (Fig. 1), while plants
in seedling, one-leaf, and small three-leaf stages were
never consumed.

Pollen supplementation experiments

Plants in this population were pollen limited in both
years. Plants in the supplemental pollination treatment
produced, on average, five more seeds than control
plants (Fig. 2). There was no main effect of year, or
treatment 3 year interaction in the number of seeds
produced (Fig. 2). I found no evidence that plants with
higher seed set in 1999 had an increased probability of
regressing to a nonreproductive stage in 2000 (Logistic
regression: N 5 31, odds ratio 5 6.88, P 5 0.28). I
also found no relationship between seed set in 1999
and relative growth rate of reproductive plants (Linear
regression: N 5 23, r2 5 0, P 5 0.52).

Demography

Plants in younger stages had a non-zero probability
of death across years. Only 31% of the individuals in
the seedling stage survived and became one-leaf plants
in the next growing season (the other 69% died). In
contrast, no mortality was observed for plants in the
large three-leaf and reproductive stages during the three
years of this study (Fig. 3a). Even though plants in the
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FIG. 3. Life cycle transitions of Trillium grandiflorum under four conditions (A–D) varying in pollen limitation and
herbivory. Circles represent six demographic stages: germinant (Germ), Seedling (SL), one-leaf (1L), small three-leaf (S3L),
large three-leaf (L3L), and reproductive (Rep). Numbers on the arrows represent the mean probability that plants transition
to different stages from one year to the next. When all arrows leaving a stage sum to 1.0, the probability of mortality of
individuals in that stage from one year to the next is zero. Boldface type indicates transitions that are changed relative to
the ambient (A) life cycle graph.
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FIG. 4. The population growth rate (and
95% confidence intervals, from 1000 bootstrap
samples) of a single population of Trillium
grandiflorum under four conditions varying in
pollen limitation and herbivory. When l 5 1,
the population is neither growing nor declining.
When l . 1, the population is growing. When
l , 1, the population is declining.

FIG. 5. The reproductive value (and 95% confidence in-
tervals) of each stage class in the Trillium grandiflorum pop-
ulation, shown for ambient herbivory with and without pollen
limitation (top panel) and for no herbivory with and without
pollen limitation (bottom panel). The reproductive value, the
left eigenvector of the demographic matrix, gives the present
value of the future offspring produced by individuals in each
stage class.

FIG. 6. The proportion of plants (and 95% confidence
intervals) in each stage at stable stage distribution in the
Trillium grandiflorum population, shown for ambient herbiv-
ory with and without pollen limitation (top panel) and for no
herbivory with and without pollen limitation (bottom panel).

reproductive stage did not have any mortality, 61%
regressed to the large three-leaf stage. Similarly, 33%
of the plants in the large three-leaf stage regressed to
the small three-leaf stage, while only 9% advanced to
the reproductive stage (Fig. 3a).

Several transitions in the life cycle were altered when
plants eaten by deer were excluded from the data set
(Fig. 3b). The probability of reproductive plants re-
gressing to the large three-leaf stage decreased from
61% to 33%, and the probability of large three-leaf

plants regressing to the small three-leaf stage decreased
from 33% to 17%. Similarly, the probability of repro-
ductive plants remaining reproductive increased from
39% to 67%, and the probability of large three-leaf
plants remaining in the large three-leaf stage increased
from 58% to 72%. Fecundity (seed production 3 ger-
mination rate) increased from 4.49 to 8.68 (Fig. 3b).

Plants in the supplemental pollination treatment pro-
duced five more seeds than control plants and there
was no apparent demographic cost to this increase.
Therefore, removing the effects of pollen limitation
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FIG. 7. Elasticity analysis of each of the matrix elements of the Trillium grandiflorum population, shown for ambient
herbivory with and without pollen limitation (top panel) and for no herbivory with and without pollen limitation (bottom
panel). Elasticities indicate the proportional effects of small changes in matrix elements on the population growth rate.

required adding five seeds to the reproductive output
of all reproductive plants not eaten by deer (reproduc-
tive plants eaten by deer had zero fecundity). The seed
production without pollen limitation was 7.15 seeds per
plant (Fig. 3c). When both pollen limitation and her-
bivory were excluded, the seed production increased
to 13.68 seeds per plant (Fig. 3d).

Demographic analyses

In the long term, the size of this population was
estimated to be declining by 3% per year (l 5 0.97)
under ambient conditions (Fig. 4). Overall, eliminating
pollen limitation had negligible effects on population
growth rate, whereas eliminating herbivory had dra-
matic effects, shifting the population growth rate from
declining to growing (Fig. 4).

The reproductive values of plants in this population
are typical for a perennial plant; large three-leaf and
reproductive stages have the highest values (Fig. 5).
This reflects the low probability that plants in younger
stage classes will survive to maturity. Elimination of
herbivory resulted in an increase in the reproductive
values of large three-leaf and reproductive plants (Fig.
5). The removal of pollen limitation also increased the
reproductive values of large three-leaf and reproductive
plants, particularly when herbivory was also removed
(Fig. 5).

Removal of herbivory caused a dramatic shift in the
stable stage distribution (Fig. 6); most noticeably, a
decrease in the proportion of plants in the small three-
leaf stage and an increase in new recruits (germinants).
Removing pollen limitation caused a small increase in
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TABLE 1. Life table response experiment (LTRE) of Trillium
grandiflorum.

Life cycle
transitions a 2 aNH A

ij ij sij Contribution

Rep to Germ
Rep to L3L
Rep to Rep
L3L to S3L
L3L to L3L
L3L to Rep

3.31
20.28

0.28
20.16

0.14
0.02

0.0043
0.063
0.11
0.18
0.29
0.52

0.014
20.018

0.031
20.029

0.041
0.010

Notes: This analysis decomposed the variation in popula-
tion growth rate between a matrix that considered all plants
(A 5 ambient) and a matrix that considered only plants not
consumed by deer (NH 5 no herbivory) using the formula:
lNH ù lA 1 Sij(a 2 a )sij. For each vital rate, aij, (a 2NH A NH

ij ij ij

a )sij gives its contribution. The differences in the vital rateA
ij

between A and NH (column 2), and the sensitivity of the
population growth rate to changes in that matrix entry (col-
umn 3), both determine the contribution of this vital rate
(column 4) to the overall difference in the projected popu-
lation growth rate. Abbreviations for plant stages in column
1: Rep 5 reproductive; Germ 5 germinant; L3L 5 large
three-leaf; S3L 5 small three-leaf.

the proportion of new recruits, but otherwise had little
effect on the stable stage distribution (Fig. 6).

Elasticity analyses of the ‘‘ambient’’ matrix revealed
that small changes in the proportion of small three-leaf
plants remaining in the small three-leaf stage have the
largest effect on the population growth rate (Fig. 7 [top
panel]). When herbivory was removed, the elasticity
of small three-leaf plants remaining in the small three-
leaf stage declined, and the elasticities of large three-
leaf plants remaining in the large three-leaf stage as
well as reproductive plants remaining reproductive in-
creased (Fig. 7b [bottom panel]). Removing pollen lim-
itation had no effect on elasticities (Fig. 7).

The actual deer removal may be more beneficial to
this population than predicted by the ‘‘no herbivory’’
matrix model because the mean size of the reproductive
plants will likely increase. In two populations with low
levels of deer herbivory, the mean size of the repro-
ductive plants is higher (1.5 cm greater leaf length)
than in the study population (Knight 2003a). Further,
in these populations with low herbivory, 72% of the
reproductive plants not eaten by deer remained in the
reproductive stage from one year to the next. This is
higher than the 67% of the reproductive plants in the
‘‘no herbivory’’ matrix. The discrepancy may be due
to the larger plant size in the natural populations with
low levels of herbivory. Larger plants produce more
ovules (Knight 2003a), but not necessarily more seeds
(unpublished analyses). If the population considered in
this study actually had deer removed, the size of the
plants may increase, and the reproductive plants may
have a 72% chance of remaining in the reproductive
stage, rather than a 67% chance. This would change
the population growth rate from l 5 1.018, as projected
by the ‘‘no herbivory’’ matrix, to l 5 1.023. This is a
relatively minor difference. However, these results

should be interpreted with caution, since there may be
differences across these populations other than the level
of herbivory that may cause differences in the size and
vital rates of the reproductive plants.

Life table response experiment of herbivory

Of the 13 vital rates, six were affected by herbivory
(Table 1). The LTRE analysis showed that these vital
rates contributed unequally to the difference in the pro-
jected population growth rate between ‘‘ambient’’ and
‘‘no herbivory’’ matrices (Table 1). The reproductive
to reproductive and the large three-leaf to large three-
leaf transitions had the largest contribution. Both of
these vital rates were greatly changed between ‘‘am-
bient’’ and ‘‘no herbivory’’ matrices, and the popula-
tion growth rate was highly sensitive to changes in
these vital rates (Table 1). Fecundity (i.e., reproductive
to germinant) had a low contribution, despite large dif-
ferences in this vital rate between ‘‘ambient’’ and ‘‘no
herbivory’’ matrices, because the population growth
rate was relatively insensitive to changes in it (Table
1). Regression of large three-leaf plants had a low con-
tribution, despite the fact that the population growth
rate was most sensitive to changes in this vital rate,
because there was little change in this vital rate between
‘‘ambient’’ and ‘‘no herbivory’’ matrices (Table 1).

DISCUSSION

Effects of herbivory

Results from these demographic analyses suggest
that white-tailed deer (Odocoileus virginianus) herbiv-
ory has a very large effect on the population growth
rate of Trillium grandiflorum. At the ambient level of
herbivory, the study population is expected to decrease
by 3% each year (l 5 0.97); whereas when I simulated
a complete removal of deer herbivory, the population
would increase by 2% each year (l 5 1.02; Fig. 4).

The current level of deer herbivory in this population
is probably unlike any in the evolutionary past of T.
grandiflorum, which likely explains why this popula-
tion is projected to be declining towards extinction to-
day. The historic levels of deer herbivory and demo-
graphic vital rates are not known for this particular
population. However, this population can be compared
to other current-day populations that are experiencing
considerably less herbivory. There is a negative cor-
relation across 12 populations of T. grandiflorum be-
tween the population growth rate and the proportion of
plants eaten by deer (Knight 2003b). This suggests that
deer herbivory is the agent responsible for variation in
the persistence of these populations. The population
considered here had the second highest level of her-
bivory of these 12 populations.

While the demographic matrices with and without
herbivory differed in six matrix elements, the life table
response experiment (LTRE) suggests that the variation
in the population growth rate is primarily due to chang-
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es in the proportion of reproductive plants remaining
reproductive and the proportion of large three-leaf
plants remaining large three-leaf plants from one year
to the next (Table 1). This result is similar to that of
the only other study (on the perennial plant Lathyrus
verna; Ehrlen 1995) to use LTREs to quantify the effect
of natural herbivory on plant population growth rates.
Ehrlen (1995) found that herbivory by mollusks and
mammals affected several matrix entries, but that
changes in the growth of individuals in the largest size
class had the greatest contribution to changes in the
population growth rate between eaten and uneaten
plants. Both T. grandiflorum and L. verna are long-
lived perennials that experience low rates of mortality
once they reach the reproductive stage. Thus, factors
such as herbivory that alter the survival of plants in
the reproductive stage, or the probability of remaining
in the reproductive stage from one year to the next,
should have a large effect on the population growth
rate (Silvertown et al. 1993, Crone 2001).

This study also suggests that removing (or reducing)
white-tailed deer from this population would shift both
the reproductive values and the stable stage distribu-
tion. The reproductive values for large three-leaf and
reproductive plants are much lower in the presence of
herbivory (Fig. 5). This likely results from both the
loss of offspring to deer eating flowers and fruits, and
from plants spending more of their lives in nonrepro-
ductive stage classes (because herbivory causes repro-
ductive plants to regress in stage).

In the presence of herbivory, more of the population
is made up of small three-leaf plants at stable stage
distribution (Fig. 6). This likely reflects the high rates
of regression of reproductive and large three-leaf
plants. In the absence of herbivory, the relative abun-
dances of small three-leaf plants markedly declines,
and proportionally more new recruits (germinants) are
present at stable stage distribution.

In a concurrent study, I examined the population
growth rates of several nearby T. grandiflorum popu-
lations that experience little or no deer herbivory
(Knight 2003b). In those populations, new recruits
(germinants) were the most abundant stage at stable
stage distribution. Thus, the stable stage distribution
predicted from the simulated ‘‘no herbivory’’ matrix
of the population in the current study is similar to the
stable stage distribution observed in these nearby pop-
ulations with much lower levels of deer herbivory. This
suggests that if released from herbivory, the study pop-
ulation would recover from past damage and begin to
resemble more intact populations.

Elasticities from the ambient matrix show that the
population growth rate is most sensitive to changes in
the proportion of small three-leaf plants that remain in
the small three-leaf stage, and relatively insensitive to
changes in all other matrix elements. In contrast, elas-
ticities from the simulated ‘‘no herbivory’’ matrix show
that the population is sensitive to transitions of small

three-leaf, large three-leaf, and reproductive plants
(Fig. 7). In the ambient matrix, the elasticity of the
proportion of small three-leaf plants that remain in the
small three-leaf stage is high due to the high proportion
of small three-leaf plants at stable stage distribution,
and the relatively high reproductive values of these
small three-leaf individuals. After many years of re-
lease from herbivory, the population growth rate would
be expected to become more sensitive to changes in
the transitions of large three-leaf and reproductive
plants. This is because the reproductive value of plants
in these stages is greatly increased (almost doubled)
when herbivory is absent.

Elasticities are often used by managers to pinpoint
the vital rates that the population is most sensitive to,
and then direct management efforts to increasing the
value of those matrix elements. However, because elas-
ticities are local estimates, they are meant to simulate
how small changes in a vital rate would affect the pop-
ulation growth rate, and may be misleading to managers
striving to make large changes in the growth rate of a
declining population (Mills et al. 1999, de Kroon et al.
2000, Bessinger 2002, Morris and Doak 2002). In this
population of T. grandiflorum, increasing the propor-
tion of small three-leaf plants remaining in the small
three-leaf stage would initially have the largest effect
on the population growth rate. However, other vital
rates, such as the stage transitions of large three-leaf
and reproductive plants, will play a much larger role
in shifting this from a declining to a growing popu-
lation. It has been suggested that elasticities of declin-
ing populations should be interpreted with the factors
responsible for the decline (Mills et al. 1999, Bessinger
2002, de Kroon et al. 2000, Morris and Doak 2002).
This is definitely the case for T. grandiflorum, since
the factor responsible for the population decline, her-
bivory, also causes shifts in the elasticities.

There is much more biological detail that can be
gained from an actual deer removal experiment. First,
this would exclude both the direct (consumption) and
indirect (e.g., soil compaction) effects of deer, whereas
the ‘‘no herbivory’’ matrix presented in this study only
removes the direct effects. Second, if deer were actually
removed, other understory plant species would re-
spond. Interactions with these species may affect the
demography of T. grandiflorum in a variety of ways.
For example, competition for resources or pollinators
could negatively affect the demographic rates of T.
grandiflorum. Finally, increases in the average size of
plants in the reproductive stage may be observed.

Effects of pollinators

Plants in this population were consistently pollen
limited. That is, plants in the pollen supplementation
treatment matured significantly more seeds in both
1999 and 2000. In another study (Knight 2003c), I
suggest that the consistent pollen limitation in this pop-
ulation may result from the low density of reproductive
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plants. Indeed, in 12 population of T. grandiflorum
studied, there was a negative relationship between the
degree of pollen limitation (difference in reproductive
success between supplement and control plants) and
floral density. Further, the population that is the focus
of this study had the lowest floral density and highest
pollen limitation (Knight 2003c). While the exact
mechanism of how density causes pollen limitation is
unknown, there are several possibilities. Because T.
grandiflorum has a generalist pollinator (bumblebees),
this pollinator may switch to another resource when
the floral density of T. grandiflorum gets low. Alter-
natively, the pollinator visitation rate may remain con-
stant, but the amount of conspecific pollen delivered
may decline. Finally, the number of self-incompatibil-
ity alleles in the population may be lower in this pop-
ulation, which has fewer reproductive individuals.

Although pollen limitation decreased the number of
seeds per plant by 30%, eliminating pollen limitation
had negligible effects on the growth rate of this pop-
ulation (Fig. 4). This result is not surprising, since the
demographic analysis show that l was relatively in-
sensitive to changes in annual fecundity. As such, al-
though pollination may be very important for this pop-
ulation in terms of gene flow and individual fitness,
elimination of the problems associated with pollen lim-
itation has only minor benefits on population-level pa-
rameters. The elimination of pollen limitation would
increase the reproductive values of large three-leaf and
reproductive plants, and increase the proportion of new
recruits at stable stage distribution (Figs. 5, 6). How-
ever, these increases are minor relative to the benefits
of removing herbivores.

Few studies have explicitly linked pollination limi-
tation to population trajectories (Bierzychudek 1982,
Ehrlen and Eriksson 1995, Parker 1997, Garcia and
Ehrlen 2002). Ehrlen and Eriksson (1995) found that
supplemental pollen on Lathyrus verna flowers in-
creased their seed production 3.1-fold, but then the
plants regressed in size and made fewer flowers in the
next year relative to control plants. As a result, the
overall effect of the supplemental pollen on l was neg-
ligible. In contrast, Parker (1997) found that pollen
supplementation did significantly increase l in the in-
vasive shrub, Cytisus scoparius. Her results can be at-
tributed to (1) the large magnitude of pollen limitation
in this invasive species that is without its native pol-
linators, and (2) the high elasticity of fecundity, which
is characteristic of rapidly growing populations.

Implications for management

As human impacts increasingly alter the abundance
of herbivores and pollinators, understanding the rela-
tive roles of these different types of interactions will
allow for more informed conservation, management,
and restoration of rare and declining plant populations.
In perennial plants, estimating the population-level ef-
fects of herbivory and pollen limitation requires an

approach that explicitly takes stage (or age, size) struc-
ture into account (McGraw and Caswell 1996, Crone
2001). Because I found that herbivory, and not pollen
limitation threatened the persistence of this T. gran-
diflorum population, I will focus on implications this
study has for deer management in the remainder of this
section.

Deer management is a contentious issue between
those who want to prevent overbrowsing of understory
plants and those who consider hunting to be cruel (Rus-
sell et al. 2001). Understanding how deer affect the
viability of plant populations provides valuable infor-
mation to individuals who must make management de-
cisions about deer populations. This is one of the few
studies that have linked the level of deer browse with
the persistence of plant populations (see also Rooney
and Gross 2003).

While this T. grandiflorum population is significantly
declining in size by 3% every year, this decline would
be difficult to notice. However, a loss of 3% per year
is actually quite rapid for this species, when its long
generation time is considered. In a Michigan population
of T. grandiflorum, Hanzawa and Kalisz (1993) found
that the minimum age of reproduction was 17 years.
Thus, if there were 10 000 individuals in my study pop-
ulation (there are likely less than that), the population
would likely go extinct within 200 years or in ,12
generations.

In contrast, a decline in the proportion of reproduc-
tive plants present in the population should be notice-
able immediately after deer herbivory begins. Indeed,
two other studies have observed that populations with
high levels of herbivory have fewer reproductive plants
relative to nonreproductive plants (Anderson 1994, Au-
gustine and Frelich 1998).

Land managers are interested in finding herbaceous
perennials that serve as indicator species for deer abun-
dance for several reasons. First, when deer abundance
is high, the level of browse on herbaceous plants may
more accurately indicate the abundance of deer than
other types of counts. Second, quantifying the level of
browse is usually less expensive than other methods.
Third, land managers interested in conserving the bio-
diversity of the understory community may find the
level of browse more informative than measures of deer
abundance, particularly if the level of browse indicates
whether or not the plant population is expected to per-
sist (Anderson 1994, Balgooyen and Waller 1995, Web-
ster and Parker 2000, Fletcher et al. 2001, Morellet et
al. 2001, Webster et al. 2001).

Based on the results of this study, I suggest several
reasons why T. grandiflorum may serve as a good in-
dicator of the effects of white-tailed deer on the per-
sistence of plants in the understory. First, this is a wide-
spread species found in many forest understory com-
munities throughout eastern North America. Second,
this species is very long lived, and therefore it takes a
long time for all of the individuals in a declining pop-
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ulation to disappear. Third, changes in the proportion
of plants in nonreproductive stages are obvious and
immediate in this species, and likely indicate popula-
tion persistence. Finally, because this is a preferred
species by white-tailed deer, levels of herbivory that
allow persistence of this species should also be favor-
able to other species. A study put forth in this journal
by Anderson (1994) also suggested that Trillium spe-
cies might serve as good indicators for understory com-
munity health in the presence of deer.

Exclosures are expensive and difficult to build. For
this reason, many of these studies suffer from low rep-
lication, and may lack statistical power (Russell et al.
2001). In addition, determining population-level ef-
fects of the exclosure treatment requires the observa-
tion of at least one and preferably more than one plant
generation. For long-lived perennial herbs and trees,
this could take decades. While much biology that can
be learned from deer exclosures is not captured in the
‘‘no herbivory’’ matrix method used in this study, I
suggest that the demographic matrix modeling ap-
proach does capture many of the direct effects of her-
bivory and can be an alternative method to deer ex-
closure. However, the most useful information may
come from the marriage of the two methods; demo-
graphic matrix models constructed in exclosure and
control plots.
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