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Abstract

When white-tailed deer populations reach high densities, they have negative and often dramatic effects on forest
herb populations. However, it is not clear how deer affect the demographic processes of plant populations. We
examined how the structure and dynamics of Trillium grandiflorum (Michx.) Salisb. populations are affected by
deer browsing in the Upper Great Lakes region by sampling populations from nine study sites in a forested land-
scape in 1998 and 1999. We constructed a stage-based matrix population model for the regional population. Our
model indicated that the long-term growth rate of the population to be −3.56% per year (� = 0.965). Mortality
rates were highest for seeds (97.5%) followed by seedlings (29.1%), and lower for all remaining stage classes
(4.9 to 8.5%). The observed stage distribution significantly differed from the stable stage distribution, and the
damping ratio (� = 1.103) indicated the population would not reach its stable stage distribution anytime soon. In
the absence of deer browsing, the long-term growth rate would improve to between −3.46% and −1.61% per
year. A moderate drought during the study could account for the negative population growth rate, but deer
browsing accelerates the rate of decline. Population growth is most sensitive to the proportion of plants remain-
ing in the nonflowering stage, and deer browsing reduces this proportion. Browsing damage was relatively low
in this study (5.4% of stems in 1998, 11.5% in 1999) compared to another study of browsing impacts on T.
grandiflorum, indicating deer could have far more severe demographic consequences in populations subject to
higher levels of browsing.

Introduction

White-tailed deer populations exist at high densities
throughout the eastern United States, and have nu-
merous impacts on forest ecosystems (Waller and Al-
verson 1997). Historical comparisons show forest un-
derstory communities subjected to high deer densities
for decades have lost forest species diversity, suggest-
ing a link between deer browsing and population ex-
tinction (Rooney and Dress 1997; Rooney 2001). The
nature of this link is not clear. Population declines
could be a consequence of browsing-induced mortal-
ity, but evidence is lacking. Alternatively, deer brows-
ing might alter the outcome of interspecific plant
competition by favoring browsing-tolerant species
over browsing-intolerant species (Rooney 2001). Fi-
nally, deer might affect population vital rates other

than survival, such as the proportion of individuals
that reproduce, the fertility of reproductive individu-
als, or the rate at which individuals move through the
life cycle. Indeed, previous work indicates browsed
forest herbs tend to be smaller and/or less likely to
flower the season following defoliation (Edwards
1985; Rockwood and Lobstein 1994; Whigham 1990;
Primack et al. 1994; Balgooyen and Waller 1995;
Shelton and Inouye 1995; Rooney 1997; Augustine et
al. 1998; Fletcher et al. 2001; Rooney and Waller
2001; Webster et al. 2001). Here, we use a matrix
model-based approach to examine the link between
deer browsing and population vital rates of Trillium
grandiflorum (Michx.) Salisb.

Trillium grandiflorum is a perennial forest herb
found throughout mesic deciduous and mixed conif-
erous forests in the eastern United States. This spe-
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cies is vulnerable to deer browsing, as deer preferen-
tially browse T. grandiflorum over other species
(Anderson 1994). Defoliation experiments demon-
strate that simulated browsing reduces the relative
growth rate of individual plants (Rooney and Waller
2001). Browsing over several seasons reduces the
proportion of flowering plants in a population and
skews population size structure towards smaller
plants (Anderson 1994; Augustine and Frelich 1998).

One conventional methodology for summarizing
demographic data is the matrix population model (Le-
slie 1945; Lefkovitch 1965; Caswell 1989). The
model combines age-, size-, or stage-specific rates of
survival, growth, and reproduction into a series of
linear equations. Because matrix population models
incorporate information about stage-specific vital
rates, projections of future population dynamics are
more accurate than predictions from unstructured
models, at least in the short-term (Caswell and
Werner 1978; Menges 1986). More importantly, ma-
trix models can be analyzed using perturbation analy-
sis-a class of analytical techniques including sensitiv-
ity and elasticity analysis-to determine which life
cycle stage transitions most strongly influence popu-
lation growth rates (Caswell (1978, 2000)). Perturba-
tion analysis has been used to identify effective man-
agement strategies for rare plant recovery (Dixon et
al. 1997; Gross et al. 1998) and exotic species con-
trol (Shea and Kelly 1998; McEvoy and Coombs
1999).

In this study, we investigate the population struc-
ture and dynamics of a regional T. grandiflorum pop-
ulation, and the effects of deer browsing on this pop-
ulation using a demographic matrix model. Our
model allows us to assess browsing in two ways. First
we determine the overall effect of browsing on T.
grandiflorum populations by studying the population
growth rate. Second, we use perturbation analysis to
identify the transition rates which are most important
in determining T. grandiflorum population growth,
and investigate how variability in these vital rates is
correlated with deer browsing pressure.

Methods and materials

Species biology

Trillium grandiflorum occupies nutrient-rich, mesic
forests throughout the eastern North America (Case
and Case 1997). The plant consists of a single stem

that arises from a tuber-like rhizome. Reproductive
plants bear a single, showy flower subtended by a
whorl of three leaves, and are often 15–45 cm tall
(Hanzawa and Kalisz 1993; Anderson 1994). Plants
are long-lived; individuals typically require > 15
years to become reproductive, and may live > 30
years (Hanzawa and Kalisz 1993).

In the Upper Great Lakes Region, dormancy ter-
minates in the spring and shoots appear above-ground
in late April or early May. Floral buds are present at
this time, so plants can be immediately classified as
reproductive or nonreproductive. Flower buds open in
mid-May, and anther dehiscence occurs a few days
later. Flowers are insect-pollinated. Fertilized ovules
mature in a fleshy capsule, which ruptures in mid- to
late- July. Seeds fall from the parent plant in mid
summer and either remain beneath the parent plant,
or are dispersed by animal vectors. Most of the seeds
are dispersed by ants (Kalisz et al. 1999), although
infrequent long-distance seed dispersal can be facili-
tated by vespid wasps (Jules 1996). Leaves com-
pletely senesce by August, and the plant enters dor-
mancy until the next spring.

Seeds exhibit “double dormancy,” meaning that
two winters and a summer are required to complete
germination (Baskin and Baskin 1998). The radicle
emerges the first year, and the long, narrow cotyle-
don appears above-ground the second year. Trillium
grandiflorum does not maintain a seed bank (Hanza-
wa and Kalisz 1993; Kalisz et al. 1999). For the next
few years, T. grandiflorum individuals have a single
cordate leaf. Older, larger plants have three leaves
(Kawano et al. 1986; Case and Case 1997). Some
plants can remain dormant for the entire growing sea-
son (Gilbert and Lee (1980); S. Kalisz, personal com-
munication).

Study plots

This study was conducted in northern hardwood for-
ests of northern Wisconsin (Ashland, Forest, and
Price Co.) and western upper Michigan (Gogebic Co.,
adjacent to Vilas Co. in Wisconsin). The distance be-
tween sites ranged from approximately 10–150 km,
and the extent of the sampling region was approxi-
mately 7200 km2. High densities of white-tailed deer
and their effects on vegetation are pervasive through-
out this region (Alverson et al. 1988; Waller and Al-
verson 1997). In 1997, we established three replicate
9 × 9 m plots, each 50–100 m apart, at random loca-
tions in each of nine Acer saccaharum-dominated
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northern hardwood forest sites containing T. grandi-
florum. The relative basal areas of all trees > 5 cm
DBH in 0.04 ha plots encompassing the study plots is
given in Table 1 (Rooney 2000). Canopy closure
ranged from 73 to 91% (mean = 83%), and soil C/N
ratios ranged from 18.4 to 27.1 (Rooney 2000).

Matrix model construction

We used a generalized form of the stage-structured
matrix population model to analyze demographic pat-
terns (Lefkovitch 1965; Caswell 1989). The model
takes the form:

nt � 1 � Ant

where n is a column vector whose elements n i (t) are
the number of individuals that belong to the i-th stage
at time t, and ni (t+1) is the number of individuals at
time t+1. In this study, we use a time step of 1 year.
Summing all of the values in the n column gives the
number of plants and seeds present at a site. The pro-
jection matrix A is the nonnegative square matrix
whose elements aij represent the transition probabili-
ties or the fertility coefficients that provide the con-
tributions from individuals in the j-th stage to the i-th
stage over the time projection interval. In biological
terms, the A matrix is a matrix of vital rates.

Plants were classified into 7 stages (Figure 1, Ta-
ble 2). Six of these stages are based on distinct dif-
ferences associated with life cycle stages. A seventh
stage, Browsed, is also included even though it is not

a life cycle stage per se. We included a Browsed stage
for two reasons. First, plants were browsed almost as
soon as they emerged in the spring, making a life
cycle-based classification impossible in those numer-
ous cases when deer visit the plants before demogra-
phers. Second, we expect plants in the Browsed state
to exhibit different transition probabilities than any
category of unbrowsed plants. Thus, a matrix model
that includes a Browsed stage provides a more accu-
rate description of T. grandiflorum demography than
a matrix that does not. Because our approach com-
bines life cycle and ecologically-meaningful states, it
represents a more general approach to evaluate tran-
sition among “states” than the more specific and bet-
ter known matrix population model.

Population sampling

In 1998, all T. grandiflorum plants occurring in study
plots were mapped and given a unique ID number.
Each 9 × 9 m study plot was divided into 324 quad-
rats, each 0.25 m2. When multiple plants classified as
Nonflowering, Flowering and/or Browsed occupied a
quadrat, plants were mapped to the nearest cm on an
X-Y coordinate. When multiple Juvenile and/or Seed-
lings plants occupied a quadrat, they always formed a
dense aggregation. Juvenile and Seedling plants in the
aggregation were counted. The location of Seedlings
was mapped on an X-Y coordinate to aid in reloca-
tion. We estimated 18.7 seeds were produced per
flowering plant in 1998. This value was the average
(n = 7 observations) of observed seed set in 5 popu-
lations Vermont in 1998 (Irwin 2000) and one popu-
lation in western Pennsylvania surveyed in 1981 and
1982 (Kawano et al. 1986).

Because most seeds are dispersed < 10 cm from
the parent plant (Kalisz et al. 1999), we assumed
these seeds stayed in the plot. In 1999, we revisited
study plots to revisit plants and determine putative
life cycle stage transition probabilities. We re-located
each plant and classified its life cycle stage. This pro-
cedure yielded frequency data, and was used to esti-
mate the A matrix. Plants present in 1999 but absent
in 1998 were classified as Dormant in 1998. Like-
wise, Non-Flowering, Flowering, and Browsed plants
identified in 1998 but absent in 1999 were classified
as Dormant. Plants which were Juveniles in 1998 but
absent in 1999 were presumed dead. Seedlings
present in 1999 were ignored (see below).

Identifying seedlings and distinguishing between
death and dormancy for larger plants presented

Table 1. The relative basal area of each tree species at each of 9
sites, from Rooney (2000). Each numerical value indicates a per-
centage. Abbreviations are as follows: Ab, Abies balsamea, Ar,
Acer rubrum, As, Acer saccharum, Ba, Betula allaghaniensis, Bp,
Betula papyrifera Ov, Ostrya virginiana, Pg, Picea glauca, Pt,
Populus tremuloides, Ps, Prunus serotina To, Thuja occidentalis,
Ta, Tilia americana, Tc, Tsuga canadensis, Ur, Ulmus rubra.

Site Ab Ar As Ba Bp Ov Pg Pt Ps To Ta Tc Ur

1 0 0 100 0 0 0 0 0 0 0 0 0 0

2 1 0 72 6 0 14 0 0 0 0 6 0 0

3 2 0 90 0 2 1 0 0 1 0 4 1 0

4 0 0 86 3 0 7 0 0 0 0 3 0 0

5 6 3 72 5 0 0 0 0 9 5 0 0 0

6 0 1 75 2 0 1 2 0 7 2 2 8 1

7 0 0 90 0 2 0 0 0 0 0 0 8 0

8 10 0 55 17 6 2 0 4 0 0 6 0 0

9 0 4 62 0 3 0 0 0 20 0 10 0 0
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unique challenges. Because of double dormancy,
seedlings present above-ground in 1999 must have
germinated from seeds produced in 1997 and not
1998. To determine the number of individuals that
germinated from seeds in 1998, we conducted a Seed-
ling survey in 2000 and tallied the number of Seed-
lings present. In order to assess the transition proba-
bility between 1998 Seeds and 1999 Seedlings, we
had to make a simplifying assumption: all seeds that
completed the first germination in 1999 survived the
second germination in 2000. In reality, the seed to
seedling transition is a multiplicative composite of
two transitions, the seed to the first germination tran-
sition, and the first to second germination transition.
The creation of such composite transitions is math-
ematically permissible, and is known as a z-transform
of a life cycle graph (Caswell 1989). In 2000 we vis-
ited all plants that were classified as Dormant in 1999.
If plants were still absent in 2000, we reclassified

them as dead. Plants present in 1998 and 2000 re-
tained their Dormant classification for 1999. Thus, by
the construction of our matrix, the mortality of Dor-
mant plants is subsumed into the mortality of Non-
flowering, Flowering, and Browsed plants.

Data analysis

We did not build matrix population models for each
of our nine study sites, because the data collected at
7 of 9 sites were not complete enough to provide
sensible estimates for all the vital rates in the A ma-
trix. Specifically, at five sites, either no Seedlings
were found in 2000, or no 1998 Juveniles grew to
Nonflowering plants in 1999. At these sites, the esti-
mate of the Seed → Seedling or Juvenile → Non-
flowering transition probabilities was zero, though
these rare event transitions did occur outside of the
study plots. At two other sites, no Browsed plants

Figure 1. Life cycle graph for the 7 stage life history of Trillium grandiflorum and the accompanying matrix population model. Table 2
provides the names of each stage ni. Elements in the A matrix correspond to the transition probabilities of individuals at one stage passing
into another stage, or the fecundity of a stage. For example a43 indicates the probability of an individual in stage n3 at time t moving to stage
n4 at time t+1.

Table 2. Life cycle stages of Trillium grandiflorum used to describe population dynamics. Leaf area estimates taken from Kawano et al.
(1986).

Node Life cycle stage Description

1. Seed Ungerminated seeds and germinated seeds with a radicle but no cotyledon

2. Seedling Cotyledon present

3. Juvenile Plant has single cordate leaf, leaf area < 10 cm2

4. Nonflowering Plant has 3 rhomboid leaves, leaf area > 10 cm2

5. Flowering Plant has 3 leaves and a single flower, leaf area > 50 cm2

6. Browsed A nonflowering or flowering plant consumed by deer

7. Dormant Plant remains below-ground during growing season
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were found in 1998, making it impossible to estimate
transitions from the Browsed stage to other stages.
For these seven sites, either the solution to the pro-
jection equation was nonsensical, or we could not es-
timate A completely. These 7 populations were not
pathological or “doomed cases”-we were simply un-
able to estimate a sensible A matrix because of sam-
pling variability.

Therefore, we took a more conservative approach
and created a summary matrix by pooling data from
all nine sites into a single projection matrix. In the
rest of the paper, we refer to the population described
by the summary matrix as the “regional population.”
Pooling data provides a summary of overall popula-
tion structure and dynamics in the study region (Hor-
vitz and Schemske 1995). Our analysis consists of
two parts: (1) an analysis of the summary matrix, and
(2) an examination of differences in a subset of life
cycle transition values in relation to deer browsing.

Analysis of summary matrix
We used MATLAB to calculate the eigenvectors and
eigenvalues for the summary matrix. The dominant
eigenvalue corresponds to the finite rate of increase
(�), which is related to the intrinsic rate of increase
(r) by the equation � = er, and describes the eventual
growth rate of the population. The intrinsic rate of in-
crease is not a forecast, but is analogous to a speed-
ometer in an automobile. A reading of 100 km per
hour does not provide a forecast of how far you will
travel in one hour, but it provides information about
how fast you are travelling at a point in time (Keyfitz
(1972), cited in Caswell (1989)). The dominant right
eigenvector of the matrix corresponds to the stable
stage distribution of the population- proportion of in-
dividuals in each stage class once the population
growth rate converges on � (Caswell 1989). We com-
pared the stable stage distribution to the observed
stage distribution using a chi-square test, and deter-
mined the rate of convergence to the stable stage
structure by calculating the dampening ratio, �. The
dampening ratio (the magnitude of the dominant
eigenvalue divided by the magnitude of the second
largest eigenvalue) measures the speed at which the
population approaches its stable stage distribution
(Caswell 1989). Values for � range from 1 to infinity,
with large values indicating rapid convergence on the
stable stage structure, and values close to 1 indicating
a slow convergence. The left eigenvector represents
the stage-specific reproductive values– the average

potential contribution of an individual in that class to
future population growth.

From the stable stage distribution and the stage-
specific reproductive values, we were able to calcu-
late the sensitivity and elasticity values of each ele-
ment (aij) in the summary A matrix. Sensitivity
analysis measures the impact of each element of the
A matrix on �, relative to the changes of the same
magnitude of other elements of the A matrix (Caswell
1978). In other words, sensitivity analysis measures
how rapidly � changes for a small change in each
element of A. It is difficult to compare the sensitivi-
ties of different matrix elements because a “small
change” in a large matrix element (e.g. fecundities)
has a different biological meaning than a “small
change” in a small matrix element (e.g. rare transi-
tions). Therefore, we also present an elasticity analy-
sis, which measures how � changes with a small pro-
portional change in each matrix element (De Kroon
et al. 1986). Elasticity values for each matrix element
range from 0 to 1 and sum to 1, and thus provide a
measure of the relative importance of each stage-spe-
cific transition or fecundity.

Effects of browsing on demography
Deer browsing potentially influences the dynamics of
populations by changing the vital rates that govern the
dynamics. To better understand the role of browsing
in the demography of T. grandiflorum, we took two
approaches. Our first approach is a modeling exercise,
in which we re-classify plants that were Browsed in
1999 as either Flowering or Non-Flowering plants.
Doing so helps us understand how the T. grandiflo-
rum population would behave if deer browsing was
eliminated. The second approach examines correla-
tions between browsing and the transition probabili-
ties of T. grandiflorum plants that were not browsed.
We restrict our attention to the transition rates that
were most important for T. grandiflorum demography,
as determined by sensitivity and elasticity analysis.

Deer consume plants in the Nonflowering and
Flowering stages. Once a plant is browsed, it is im-
possible to ascertain which stage class the plant oc-
cupied, although deer appear to prefer plants in the
Flowering stage over the Nonflowering stage (Augus-
tine and Frelich 1998). Because Flowering and Non-
flowering plants have different mortality rates and re-
productive values, deer could have a greater or lesser
impact on population dynamics depending on which
plants are consumed. To determine the extent of this
impact, we developed a simple retrospective model.
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We eliminated the Browsed stage, and reclassified all
browsed plants as either Flowering or Nonflowering.
Specifically, we did seven such reclassifications, in
which 100%, 90%, 75%, 60%, 50%, 25%, and 0%
were classified as Flowering, and the remaining pro-
portion as Nonflowering. For each reclassification, we
re-calculated the A matrix and solved the population
projection equation to obtain �. The results from this
analysis provide rates of population growth in the ab-
sence of deer browsing. We refer to this approach
throughout the rest of the paper as the reclassification
analysis.

Our second approach examined the effects of
browsing on the demographically-important transi-
tions of those plants that were not browsed. Since
transition elements with the highest sensitivity and
elasticity values have the largest impact on the finite
rate of increase, we only examined stage transitions
that had high sensitivities and elasticities. For each of
our nine sites, we calculated deer browsing pressure
by tallying consumed T. grandiflorum plants. We cal-
culated the ratio of Browsed/(Browsed + Nonflower-
ing + Flowering) for 1998 and 1999. We tested for a
correlation between the proportion of plants browsed
in 1998 and 1999, and calculated the mean value for
the proportion of browsed plants from the two sea-
sons. In order to avoid a spurious correlation between
our measure of deer browsing pressure and the ob-
served transition rates, we re-calculated transition
rates as the fraction of plants making each transition
among those plants that were not browsed in 1999.
(We did not investigate the transitions of plants that
were Browsed in 1998.) We arcsine square root-trans-
formed all transition rates prior to analysis to stabi-
lize the variance. We examined the Pearson correla-
tion between the transitions of interest and browsing

pressure. The transitions of interest included the three
transitions with the highest sensitivity values and the
three with the highest elasticity values. Because there
was some overlap between the transitions analysis,
four correlation tests were performed. Because we
performed multiple tests, we used Holm’s correction
to reduce the probability of committing a Type I error
(Holm 1979). Holm’s correction is conceptually sim-
ilar to the Bonferroni correction, but is not as conser-
vative.

When a transition rate increases or decreases, the
rest of the transition rates from the same stage must
also change in the opposite direction. Consequently,
when we found a significant correlation, we con-
ducted a “fate analysis” that examined the relation-
ships between deer browsing and the rest of the tran-
sitions from that stage. By doing so, we hoped to gain
a more complete understanding of how browsing was
correlated with the fates of individuals in a particular
stage. The correlations in the fate analyses were not
subjected to a correction for multiple tests.

Results

Analysis of summary matrix

The summary projection matrix for the regional pop-
ulation is given in Table 3. The average mortality rate
was highest for Seeds (97.5%), followed by Seedlings
(29.1%). Mortality rates were 7.1% for Juveniles,
5.3% for Nonflowering, 4.9% for Flowering, and
8.5% for Browsed. The mortality rate for Dormant
plants was not assessed.

The solution to the population projection equation
indicated that the regional Trillium grandiflorum pop-

Table 3. Summary population projection matrix (A) for the time periods t = 1998 and t+1 = 1999. Values indicate the proportion of indi-
viduals from a stage at time t that become individuals in a stage at time t+1. The abundance of individuals in each size class in 1998 was:
Seed (3029), Seedling (55), Juvenile (493), Nonflowering (1020), Flowering (162), Browsed (52), Dormant (222).

Stage at time t

Stage at time t+1 Seed Seedling Juvenile Nonflowering Flowering Browsed Dormant

Seed 0.000 0.000 0.000 0.000 18.700 0.000 0.000

Seedling 0.025 0.000 0.000 0.000 0.000 0.000 0.000

Juvenile 0.000 0.709 0.894 0.000 0.000 0.000 0.000

Nonflowering 0.000 0.000 0.035 0.730 0.216 0.458 0.928

Flowering 0.000 0.000 0.000 0.047 0.463 0.068 0.027

Browsed 0.000 0.000 0.000 0.070 0.154 0.220 0.045

Dormant 0.000 0.000 0.000 0.100 0.117 0.170 0.000
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ulation was in decline. For the summary matrix, � =
0.965, indicating if demographic rates remain un-
changed, the population will decline by 3.56% per
year in the long run. This is not a long-term forecast,
however, as demographic rates do change from year
to year. The projected stable age structure that corre-
sponds with this � is given in Figure 2. The Seed
stage makes up the largest proportion of individuals
in the stable stage distribution (60.1%), followed by
the Nonflowering stage (20.2%). The stable stage dis-
tribution differed significantly from the observed
stage distribution (df = 6; �2 = 110.98; P < 0.0001;
Figure 2). The dampening ratio was 1.103, indicating
that the population was converging on the stable stage
distribution very slowly. Stage-specific reproductive
values were lowest for Seeds and increased with the
life cycle stage of individuals. Flowering individuals
had the greatest reproductive value of any stage. In-
dividuals classified as Dormant or Browsed had simi-
lar reproductive values to Nonflowering individuals
(Figure 2).

Matrix sensitivities and elasticities are given in Ta-
ble 4. The summary matrix was most sensitive to
transitions from the Nonflowering stage to the Flow-
ering stage. Thus, a small change in this transition
would have a larger impact on � than would an
equally small change in any other transition probabil-
ity or fecundity. The summary matrix was also quite
sensitive to transitions from the Nonflowering →

Dormant stage, and from the Nonflowering → Non-
flowering stage. Elasticity values reveal that the Non-
flowering → Nonflowering transition makes the
greatest proportional contribution to � (43.0%), fol-
lowed by the Juvenile → Juvenile transition (15.4%)
and the Dormant → Nonflowering transition (7.7%).
In other words, small changes in these demographic
transitions will have more influence on � than equally
small changes in other demographic transitions. All
other stage transitions combined proportionally con-
tribute the remaining 34.2% to �.

Deer browsing and demography

Our reclassification analysis revealed that deer brows-
ing had a direct effect on T. grandiflorum demogra-
phy. When all Browsed plants were reclassified as
Nonflowering, � = 0.966, which was very similar to
the summary matrix (� = 0.965). Because the repro-
ductive values for Nonflowering plants (0.192) and
Browsed plants (0.187) are nearly identical, this re-
sult is not surprising. Had deer browsing not oc-
curred, and all of the browsed plants were in the Non-
flowering stage class, the population would decline at
the rate of −3.46% per year in the long run. However,
if all browsed plants were reclassified as Flowering,
� = 0.984, and the population declines at the rate of
−1.61% per year in the long run. If deer preferentially
consume Nonflowering plants, their overall impact on
� is negligible, but if they preferentially consume
Flowering plants, the rate of decline more than dou-
bles from −1.61% to −3.56%. The “true” effect of
browsing observed in this study lies somewhere
within this range.

Our analysis of deer impacts on vital rates pro-
vided further insight into how deer affect T. grandi-
florum populations. The proportion of T. grandiflorum
stems browsed by deer varied across sites from 0.0%
to 24.4% in 1998 (n = 9; mean = 5.4%), and 0.0% to
30.3% in 1999 (n = 9; mean = 11.5%). Likewise, the
average proportion of plants browsed in a population
over the two years ranged from 0.0% to 27.4% (n =
9; mean = 8.4%). Within sites, the proportion of stems
browsed was positively correlated between 1998 and
1999 (Pearson r = 0.816; df = 7; P = 0.007), so brows-
ing damage on T. grandiflorum in one year is predic-
tive of browsing damage in the following year.

Sensitivity and elasticity analysis revealed that the
most important transitions were the Nonflowering →
Flowering, Dormant → Nonflowering, Nonflower-
ing → Nonflowering, and Juvenile → Juvenile (Ta-

Figure 2. The stable stage distribution (black bars), observed stage
distribution (open bars), and stage-specific reproductive values
(hashed bars) for each of the 7 life cycle stage classes in the sum-
mary matrix analysis.

273



ble 4). Browsing diminished the proportion of un-
browsed individuals persisting in the Nonflowering
stage (df = 7; r = −0.810; P < 0.05), the transition with
the highest elasticity value. Fate analysis further re-
vealed more Nonflowering plants entered dormancy
as browsing pressure increased, which accounted for
the decrease in the proportion remaining in the Non-
flowering stage (df = 7; r = 0.698; P < 0.05). Brows-
ing pressure was not significantly correlated with any
other transition.

Discussion

Previous research on T. grandiflorum populations re-
vealed deer browsing reduced the proportion of flow-
ering plants in populations and skewed size structure
toward smaller plants (Anderson 1994; Augustine and
Frelich 1998). Our matrix model showed that the re-
gional population would decline in the short term
without browsing, although the decline would not be
as rapid. Deer browsing has a pronounced negative
effect on the most important vital rate for population
growth: the Nonflowering → Nonflowering transi-
tion. Our model indicates deer browsing negatively
impacts T. grandiflorum demography.

Analysis of the summary matrix

Our projection analysis of the regional population re-
vealed the regional population should decline over
time. This would happen if the regional population
attained a stable stage distribution, transition rates
contain no sampling errors, and the vital rates re-
mained constant over time (Caswell 1989; Bierzy-
chudek 1999). In reality, our regional population has
not yet attained this stable stage distribution, nor is it
likely to given its low dampening ratio (see Bierzy-
chudek (1999)). Although our estimates of transition
rates were based on a relatively large number of ob-
servations, they still contain some sampling error. Fi-
nally, vital rates do change over time. A moderate
drought in 1998 caused individual plants to decline
in size between 1998 and 1999, and may have re-
duced the number of plants making the Nonflowering
→ Flowering transition (Rooney and Waller 2001).
Caswell (1989) emphasizes that projection analysis is
best regarded as a thought experiment. It tells us what
would happen if current conditions were maintained,
but not what will happen–it does not provide a fore-
cast. The utility of projection analysis is that it pro-
vides a “snapshot in time” of the population trajec-
tory.

The vital rates we observed were very typical of
other forest herbs in that mortality rates were high for

Table 4. Sensitivity and elasticity matrices corresponding to the summary matrix. The 3 highest sensitivity and elasticity values appear in
bold.

Stage at time t

Stage at time t+1 Seed Seedling Juvenile Nonflowering Flowering Browsed Dormant

Sensitivity

Seed – – – – 0.001 – –

Seedling 0.471 – – – – – –

Juvenile – 0.017 0.166 – – – –

Nonflowering – – 0.338 0.568 0.067 0.072 0.080

Flowering – – – 0.749 0.089 0.095 0.105

Browsed – – – 0.552 0.065 0.070 0.078

Dormant – – – 0.593 0.070 0.075 –

Elasticity

Seed – – – – 0.012 – –

Seedling 0.012 – – – – – –

Juvenile – 0.012 0.154 – – – –

Nonflowering – – 0.012 0.430 0.015 0.034 0.077
Flowering – – – 0.037 0.043 0.007 0.003

Browsed – – – 0.040 0.011 0.016 0.004

Dormant – – – 0.062 0.009 0.013 –
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early life cycle stages (Seed and Seedling), and low
for later life cycle stages (Bierzychudek 1982). The
reported vital rates appear representative of what
other researchers have observed with T. grandiflorum.
Seed mortality rates were somewhat higher in this
study (97.5%) than observed in Michigan (86 – 88%)
by Kalisz et al. (1999) or inferred by Kawano et al.
(1986) in Pennsylvania ( � 90%). Our observed stage
distribution was similar to the distribution studied by
Kawano et al. (1986), although we observed a smaller
proportion of Seedlings and a larger proportion of
Nonflowering plants in this study.

Silvertown et al. (1993) reported that most iterop-
arous (polycarpic) forest herbs had relatively low
elasticity values related to fecundity. Trillium grandi-
florum is no exception; elasticities affecting fecundity
elements (i.e. seed production and seedling recruit-
ment) summed to 0.024. Silvertown et al. (1993) also
noted that forest herbs show a large range of values
for survival elements (i.e. stasis and retrogression
transitions). Here, T. grandiflorum weighs in at the
high end of the scale, with survival elements sum-
ming to 0.831.

Deer browsing and demography

Our reclassification analysis demonstrated that deer
browsing has a direct effect on T. grandiflorum de-
mography. With browsing, the regional population
was declining by 3.56% per year in the long run.
When we reclassified Browsed plants as Flowering or
Nonflowering to simulate the effects of no browsing,
the regional population would have declined by
1.61% to 3.46% per year in the long run. If deer con-
sume mostly flowering plants, the decline would be
more severe than if they consumed mostly nonflow-
ering plants. Deer prefer flowering plants over non-
flowering ones (Augustine and Frelich 1998), making
it likely that the rate of population decline would
closer to 1.61% per year than 3.46% per year if
browsing was completely eliminated. This result pro-
vides empirical evidence that deer browsing can ad-
versely affect rates of population by reducing the pro-
portion of flowering plants in the population.

The proportion of individual Nonflowering +
Flowering T. grandiflorum plants consumed by deer
was lower in this study (5.4% in 1998 and 11.5% in
1999) than Augustine and Frelich (1998) reported in
the maple-basswood region of southern Minnesota
(19.8% and 25.6%). Had we observed such high pro-

portions of browsed plants, we would expect rates of
population decline to be faster than −3.56% per year.

Because population vital rates vary in both space
and time (Horvitz and Schemske 1995), it was in-
structive to examine how browsing affect this varia-
tion. We found that the proportion of Nonflowering
plants persisting in that stage decreased as browsing
damage increased. (Recall that we factored out
Browsed plants in our calculation of this transition to
prevent a spurious correlation between the two vari-
ables.) Browsing damage at a site was positively cor-
related between years. Fate analysis revealed that as
browsing increased at a site, there was a correspond-
ing increase in the number of individuals making the
Nonflowering → Dormant transition that detracted
from the number of individuals making the Nonflow-
ering → Nonflowering transition. Because browsing
affected the stage transition with the highest elasticity
value, it is reasonable to infer that deer browsing on
Nonflowering plants accounts for the magnitude of �
for the regional population. This is an important find-
ing, because it indicates deer browsing does not only
affect plant populations by affecting the vital rates of
Flowering individuals, but by affecting the fates of
Nonflowering individuals as well.

To summarize, we found two pathways whereby
deer browsing could affect the population. First, the
selective browsing of plants with the greatest repro-
ductive value (Flowering plants in this study) accel-
erates the rate of population decline. We expected this
to occur. Second, deer browsing had a significant neg-
ative correlation with the vital rate with the highest
measured elasticity (the Nonflowering → Nonflow-
ering transition). This result was unexpected. It illus-
trates that the mechanisms by which deer browsing
affects plant populations are not always obvious.
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