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ABSTRACT: For nearly 30 years, ecologists have argued that predators
of seeds and seedlings seldom have population-level effects on plants
with persistent seed banks and density-dependent seedling survival.
We parameterized stage-based population models that incorporated
density dependence and seed dormancy with data from a 5.5-year
experiment that quantified how granivorous mice and herbivorous
voles influence bush lupine (Lupinus arboreus) demography. We
asked how seed dormancy and density-dependent seedling survival
mediate the impacts of these consumers in dune and grassland hab-
itats. In dune habitat, mice reduced analytical N\ (the intrinsic rate
of population growth) by 39%, the equilibrium number of above-
ground plants by 90%, and the seed bank by 98%j; voles had minimal
effects. In adjacent grasslands, mice had minimal effects, but seedling
herbivory by voles reduced analytical N by 15% and reduced both
the equilibrium number of aboveground plants and dormant seeds
by 63%. A bootstrap analysis demonstrated that these consumer
effects were robust to parameter uncertainty. Our results demon-
strate that the quantitative strengths of seed dormancy and density-
dependent seedling survival—not their mere existence—critically
mediate consumer effects. This study suggests that plant population
dynamics and distribution may be more strongly influenced by con-
sumers of seeds and seedlings than is currently recognized.

Keywords: herbivory, matrix models, mice, plant-consumer interac-
tions, plant demography, voles.

Most plants are attacked by consumers at some stage of
their life cycle. Consumption of seeds, seedlings, roots,
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leaves, or other plant parts can negatively influence key
fitness components such as plant growth, fecundity, and
survival (reviews in Louda 1989; Gange 1990; Huntly 1991;
Marquis 1992; Stowe et al. 2000). Although our under-
standing and cataloging of how consumers affect individ-
ual plant fitnesses continues to expand, we still have lim-
ited insight into how these individual effects translate to
long-term patterns of plant population growth, dynamics,
and distribution (Crawley 1989; Hunter 1992; Louda and
Potvin 1995; Herrera et al. 2002; Strauss and Zangerl
2002). Consumers, especially those that are not large mam-
malian browsers, do not figure prominently in theories of
plant dynamics. Traditionally, edaphic factors and plant
competition have been considered primary determinants
of local patterns of plant abundance.

Appreciation of the role that consumers play in shaping
plant dynamics has been hindered by the dearth of exper-
iments that fully detail how consumers influence plant de-
mography. Most experimental studies on plant-consumer
interactions are short-term and examine consumer effects
on only one or a few stages in a plant’s life cycle (Ehrlén
2002). For example, there have been numerous studies of
how pre- or postdispersal seed predators influence plant
fecundity and seed fate (Hendrix 1984; Mittelbach and
Gross 1984; Auld and Myerscough 1986; Zammit and Hood
1986; Andersen 1988, 1989; Louda 1989; Crawley 1992;
Hulme 1994, 1998; Ehrlén 1997; Edwards and Crawley 1999;
Cummings and Alexander 2002). Yet these studies are gen-
erally uninformative regarding population-level impacts of
consumers because they fail to examine the demographic
consequences of herbivory and granivory across the entire
plant life cycle. The same is true in cases where herbivores
attack and kill seedlings (Cates 1975; Dirzo and Harper
1982; Parker and Salzman 1985; Hulme 1994; Hanley et al.
1995; Goheen et al. 2004). As a result, it is unclear how
processes that occur at one portion of a plant’s life cycle
either limit or exacerbate negative consumer effects that
occur at other life stages.

Theory provides several reasons why negative impacts
of consumers may not translate to population-level effects.
First, density-dependent processes are important in many



plant populations. If density dependence is compensatory,
then reductions in plant numbers (either from negative
effects of seed predators on seedling recruitment or from
outright consumer-driven mortality of seedlings or estab-
lished plants) may not influence long-term patterns of
plant abundance. Harper (1977) encapsulated this idea by
suggesting that because of density-dependent mortality,
there is a “tolerable” amount of seed predation that will
not have population-level effects. The influence of seed
predators in particular may be strongly mediated in safe-
site-limited systems. In this form of compensatory density
dependence, the number of safe sites that are available for
germination and successful seedling establishment sets the
limit on recruitment; effects of seed loss will be negligible
unless seed predators reduce the seed input below the
amount necessary to saturate safe sites. Finally, many
plants have persistent seed banks. Dormant seeds can ei-
ther saturate safe sites themselves or provide a source of
potential recruits that can compensate for occasional low
years in seed production caused by heavy herbivory and
granivory (Crawley 1989, 1992, 1997).

Thus, while the injurious impacts of consumers on
plants are manifold, the complexity of population pro-
cesses has limited our general understanding of how and
when they influence long-term population dynamics. Pop-
ulation models can be effective tools for gaining insight
into the long-term population level consequences of con-
sumers on plants, but these have only recently been em-
ployed in experimental plant-herbivore studies (Ehrlén
1995, 2003; Froborg and Eriksson 2003; Rose et al. 2005).
Perhaps one reason why this has been so is that incor-
porating density dependence as well as information on
seed dormancy into these models is challenging; often, data
on these critical processes are lacking. In fact, we know
of no work where these processes have been incorporated
into population models to ask how consumers influence
the abundance of plant populations that may not be at
equilibrium. In conservation scenarios, assessing the via-
bility of rare plants is also problematic without some data
on seed dormancy (Doak et al. 2002).

In this study, we evaluate the influence of several con-
sumers on the population dynamics of bush lupine (Lu-
pinus arboreus), a perennial shrub that grows in both dune
and grassland habitats. On the basis of a 5.5-year exper-
iment where lupine populations were either protected
from or exposed to rodents, we know that these consumers
can have strong but habitat-specific impacts on plants. In
dunes, postdispersal seed predation by mice (Peromyscus
maniculatus and Reithrodontomys megalotus) reduces lu-
pine seed abundance and limits seedling recruitment (Ma-
ron and Simms 2001; Maron and Kauffman 2006). In
grasslands, postdispersal seed predation by mice is much
more limited, but vole (Microtus californicus) predation on
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seedlings can be intense (as it occasionally can be in
dunes), although the magnitude of seedling predation var-
ies enormously among years as vole populations wax and
wane (Maron and Simms 1997; Maron and Kauffman
2006). Figure 1 summarizes these varied demographic ef-
fects. While the effects of consumers on seed and seedling
survival can be substantial, several factors potentially limit
the strength with which these reductions in performance
actually influence lupine populations. First, as in many
plants, density dependence operates on seedling survival.
Seed dispersal is local (relatively heavy lupine seeds dehisce
explosively from seed pods), seedlings recruit nearby ex-
isting adult shrubs, and adult shading limits seedling sur-
vival (Maron and Kauffman 2006). Second, both mice and
voles attack early life stages of lupine. Because population
growth often has low sensitivity to variation in demo-
graphic rates of early plant life stages (Silvertown et al.
1993; Froborg and Eriksson 2003; Franco and Silvertown
2004), a central question concerns whether large effects
on seeds or seedlings scale up to influence population
dynamics. Here, we use population models to assess how
reductions in plant performance at these early life stages
influence plant population dynamics. We also use our pa-
rameterized demographic models to explore how the
strengths of density dependence and seed dormancy me-
diate population-level effects of consumers.

Study System

This work was conducted on the 147-ha University of
California Bodega Marine Reserve (BMR) along the coast
of central California, where bush lupine is native. On the
BMR, bush lupine grows in adjacent grassland and dune
habitats, where individual shrubs can live approximately
8—12 years. Lupine seedlings recruit into populations dur-
ing the rainy season, from December to March. The ma-
jority of plants begin to set seed in their second (grass-
lands) or third (dunes) summer; dispersed seeds are often
consumed by mice (Maron and Simms 1997, 2001), but
they do not appear to be regularly eaten by granivorous
birds (E. L. Simms, unpublished data), and there are no
seed-harvesting ants at our site. Lupines have a hard seed
coat and a physically enforced seed dormancy that is bro-
ken by scarification or heating and cooling of the soil in
late summer (Hyde 1954; Rolston 1978). Bush lupine seeds
can remain dormant but viable in the soil for many years
(J. L. Maron and E. L. Simms, unpublished data).

Methods
General Approach

We built and parameterized population models using ex-
perimental demographic data collected in grassland and
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Figure 1: Effects of mice and voles on the demography of lupine seeds and seedlings in dune and grassland habitats. A, In the grasslands, vole-
driven reductions in seedling survival were periodic, with significant reductions in survival occurring in 1999 and 2000. B, In the dunes, voles
reduced seedling survival in the first 2 years of the experiment but had no effects thereafter. C, Seed predation by mice in the dunes substantially
reduced seedling recruitment in all years. Tests for significant effects by year (indicated by double asterisks) were conducted by Maron and Kauffman
(2006).



dune habitats. In past experiments, we quantified how
voles and mice influenced particular demographic tran-
sitions in these distinct habitats (Maron and Kauffman
2006). Here, we varied these parameters in population
models, keeping other transitions not influenced by these
consumers constant, allowing us to ask how the presence
or absence of rodents influences long-term population size
and short-term population growth of lupine in grasslands
and dune habitats. In most instances, we estimated all of
the necessary demographic rates in both habitats using
standard methods. A few demographic parameters, how-
ever, such as seed germination and seed predation, were
impossible to measure directly, so we used model-fitting
techniques to estimate these rates. Although we used mean
demographic rates (from multiple observations across
years) in our matrix, we bootstrapped from the original
data sets to assess how the uncertainty in our estimates
of demographic parameters influenced model outcomes.

Aboveground Demographic Rates

Demographic information was gathered from a replicated
experiment established in both habitats in 1998. This ex-
periment is described fully elsewhere (Maron and Kauft-
man 2006), so we only summarize it briefly here. The
experiment consisted of two experimental blocks at each
of three grassland and dune sites. Within each experi-
mental block, we established four 9 x 9-m plots (24 plots
per habitat, 48 plots total) randomly assigned to one of
four factorial combinations of with/without rodent exclu-
sion and with/without belowground insect herbivore ex-
clusion. Since effects of belowground insect herbivores
were minimal during the course of this experiment (Maron
and Kauffman 2006), we estimated lupine vital rates with
respect to rodent presence or absence, while ignoring the
minimal effects of insects. Rodents were excluded from
plots by 90-cm-tall fences made of PVC-coated welded
wire (0.635-cm mesh), dug 30 cm into the ground, and
topped with 22.5 cm of aluminum flashing. Control plots
open to rodents were surrounded by an identical mesh-
size welded-wire fence (but without PVC coating or flash-
ing) that had 5-cm-diameter holes cut every 1.5 m along
the bottom of each fence line to allow entry by rodents.
Rodent exclusion plots did not independently manipulate
voles and granivorous mice but instead protected exper-
imental lupine populations from all rodents. However, we
could easily separate vole and mice effects on lupine de-
mography because mice attack only lupine seeds, whereas
voles kill only seedlings.

In January 1999, we transplanted 49 lupine seedlings in
an equally spaced grid pattern across each plot. Experi-
mental plots in the grasslands were initially free of existing
lupine because of a large lupine die-off in the grasslands
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in the summer of 1997 (Maron et al. 2001). Lupines, how-
ever, did not die off in dunes in 1997, so we cleared the
few existing lupines from dune plots in 1998 to ensure
that experimental populations in both habitats started with
identical numbers of plants. Because of high vole herbivory
and high rates of seedling mortality of individuals planted
in 1999, in January 2000 we transplanted an additional 20
marked seedlings in randomly selected open spaces be-
tween the surviving plants in each plot. In 1999 and 2000,
we removed any seedlings that naturally recruited into
plots so that we could start experimental populations at
similar densities. In subsequent years (2001-2004), no new
seedlings were planted, and natural recruitment was al-
lowed to occur. From January/February 1999 through
April 2004, we censused all lupines in experimental plots
during the growing season (January—August), marking and
following the fate of new recruits and censusing previously
marked plants. We conducted a final census of plants in
early September 2004. We estimated seed production on
all marked plants by counting all seed pods on every plant
in each plot each summer. To determine the number of
seeds produced per pod, we harvested 15 randomly chosen
seed pods on each of 10 shrubs per plot and counted the
number of intact seeds per pod. At the end of a plant’s
second summer (July—August), its canopy area was mea-
sured in two perpendicular directions, and each plant’s
size was estimated as its circular area calculated from the
two canopy diameter measurements.

Nine stage classes were identified to capture the lupine
life-history schedule. Through graphical inspection of the
data, size boundaries for stage transitions were set small
enough to take account of size-specific patterns of seed
production and survival but broad enough to provide rea-
sonable estimates of growth, survival, and fecundity (see
table Al in the online edition of the American Naturalist).
Because we did not record the size of plants in their first
summer, when plants were still small seedlings, we defined
the first stage to include all 1-year-old plants regardless of
size. Thus, in their first year, plants could only transition
from seeds to the 1-year-old stage. In subsequent years,
1-year-old plants could survive and grow to a larger stage
class based on empirical estimates of stage-specific growth
and survival. Because preliminary analyses indicated no
treatment effects on growth, survival, and fecundity of
lupines 1 year old or older (J. L. Maron and M. J. Kauff-
man, unpublished data), we used plants from all plots
within each habitat to estimate these rates. Because con-
sumers reduce the survival of seedlings in this system (Ma-
ron and Kauffman 2006) and because seedling survival is
potentially controlled by adult plant density, we estimated
seedling survival as a function of treatment and density
(see “Density-Dependent Seedling Survival”).
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Rates of Seed Germination and Dormancy

For plants that produce dormant seeds, the seed pool from
which seeds germinate each winter (beginning in Decem-
ber) consists of “new” seeds that were produced the pre-
vious summer and “banked” seeds that have been previ-
ously dormant in the seed bank. Because banked seeds are
themselves the result of historical seed production, esti-
mating germination rates in a natural population requires
accounting for seed production from current and previous
reproduction. To estimate habitat-specific germination
rates within the context of seed bank dynamics, we used
a model-fitting approach whereby the number of emerging
seedlings was a function of the number of banked and
new seeds in the seed pool. This approach had some ad-
vantages over experimental burying of bagged seeds in that
we did not have to alter the timing of seed rain, seed
density, or the spatial distribution of seeds in the soil.
Artificially high seed densities in seed addition experiments
can result in spurious estimates of germination rates (Van
Mourik et al. 2005).

Our modeling approach assumed that the number of
seedlings emerging in each experimental plot in each
spring is the proportion of seedlings emerging from the
available seed pool (denoted as pool below). This is de-
scribed as

Sdll”lgS,-’ 1 — pOOIi, rghabﬂ (1)

where sdlngs; ., is the number of seedlings in plot i at
time t+ 1, pool, , is the number of seeds in the seed pool
of plot i at time ¢, and g,,,, is the habitat-specific emergence
rate of seedlings from the seed pool. Here, we assume that
new and banked seeds emerge in the winter at the same
rate, g, within a habitat, and the seed bank (eq. [2]) is
modeled to include seeds produced in the previous year.
We include an emergence rate (g, = proportion of seeds
that become seedlings) rather than a germination rate in
these models because we could not measure germination
rate directly in the field. Because some seeds may ger-
minate and fail to emerge, this method probably overes-
timates the proportion of seeds that remain in the seed
bank. Hereafter, we use “seed germination” and “seedling
emergence” interchangeably, although, strictly speaking,
seedling emergence rates incorporate both seed germi-
nation and seed death.

A second difference equation was used to keep track of
the number of seeds in the seed pool of each plot:

poozi,t = bankt‘, t—1 (1 - ghab) Sseeds (1 - pbank,hab)
+ Seedsi, t (1 - pnew,hab) > (2)

where bank,, , is the number of seeds in the seed bank

at time ¢ — 1, seeds; , is the number of seeds produced in
plot i in the current year f, S, is the survival rate of
seeds that remain in the seed bank (fixed at 0.72; Maron
and Simms 1997), and p,.,, nap a0 Poank. nay are the habitat-
specific predation rates on new and banked seeds, re-
spectively. In our model fitting, we fitted p,.,, n,, and set
Phank hay 10 be a constant fraction of p,..,, .., based on the
proportion of seeds consumed in surface and buried seed
predation trials conducted by Maron and Simms (1997).
Based on this earlier study, seed predation on banked seeds
was always modeled as 22% of p,.,, in the dunes and 38%
of p,.. in the grasslands. However, since p,.,, in grasslands
is 0 (see “Results”), the model effectively has no predation
on banked seeds in the grassland.

Previous work at our study site revealed that the lupine
seed bank size differs dramatically between dune and grass-
land habitats (Maron and Simms 1997; Maron and Kauft-
man 2006). In the dunes, only a small seed bank exists
(approximately 7-42 seeds/m*), whereas the grassland sup-
ports an abundant seed bank (approximately 300 seeds/
m?* Maron and Simms 1997). To account for these dif-
ferences in seed bank density between habitats (scaled by
our 81-m’* plot size), we initialized our model runs using
an average seed bank of 24,000 seeds in the grassland and
2,000 seeds in the dune habitat.

Within a habitat, rates of both seed predation and ger-
mination influence the proportion of seeds that become
seedlings. However, it is impossible to fit these two rates
simultaneously while fitting equations (1) and (2) to seed-
ling data collected in experimental plots. To solve this
complication, we first used data from plots (n = 24) that
were closed to rodents (the only postdispersal seed pred-
ators in this system) to test for and estimate a habitat-
specific rate of seed germination (g,,,). Once we had es-
timated the effects of habitat on germination rate using
the 24 rodent exclusion plots from both habitats, we held
germination rates at their habitat-specific values while fit-
ting the rate of seed predation in equation (2) to seed and
seedling data from plots open to rodents (n = 24).

We used maximum likelihood and Akaike Information
Criterion (AIC) techniques (Burnham and Anderson
2002) to assess the support from our field data for alter-
native forms of equations (1) and (2). We fit each alter-
native model to the field data on the number of seedlings
emerging in each plot for the years 2001-2004, when nat-
ural recruitment occurred. Because initial inspection of
the data indicated strong between-year differences in ger-
mination, we always included a year effect on germination
rate. Thus, we tested two germination models, a model
with year effects only and a model with year and habitat
effects. We did not test for interactions between year and
habitat. Model fitting allowed us to chose the model and
parameter values that reduced the variation between the



predicted and observed number of emerging seedlings. The
total negative log likelihood (NLL) of model i is the sum
of each of T = 4 yearly negative log likelihoods in each
of the j = 24 rodent exclusion plots (when estimating
emergence) and the j = 24 control plots (when estimating
seed predation), given the number of emerging seedlings,
sdlngs, ,.,, observed in each plot in each year:

24 T
NLL (model;|data) = 2 2 NLL (model,|sdings;,). (3)
j=1t=1

For data for a given plot i in year f, the negative log
likelihood of model i is

NLL (model;|sdlngs;,) = —In[Pr(sdings, /model )], (4)

where Pr (sdlngs; /model;) is the probability of generating
the number of seedlings in year t in plot j given the pa-
rameter values and structure of model i. We assumed nor-
mally distributed within-year observation errors and no
process error, resulting in

— In[Pr (sdings, |model )] = log (o)

1
+ Elog (2m)
sdlngs; , — sdings, , ..
+[ &S zg,(pdﬂ 5)
20
(Hilborn and Mangel 1997), where sdlngs; , ,.q) is the num-

ber of emerging seedlings predicted by model i to be in
plot j at time t and o” is the fitted variance. Best-fit pa-
rameters of alternative models were obtained using the
nonlinear solver NPSOL in the TOMLAB optimization
environment (Holmstrom 1999). All optimizations were
implemented in MATLAB (version 6.0.0.88, release 12,
Mathworks). We calculated the small-sample-corrected
AIC value (AIC,) for each alternative model i as
AIC,, = 2NLL; + 2p;n/(n — p, — 1), where p;is the number
of parameters in model i and # is the sample size.

To compare the relative support between models, we
calculated the AIC weight of each model (Burnham and
Anderson 2002). Because AIC weights of all models in a
candidate set sum to 1, they estimate the proportional
support of the data for each alternative model. We assessed
the relative support of distinct model components (which
may be included in several models) by summing the AIC
weights of all models that include the component of in-
terest (Burnham and Anderson 2002). We estimated 95%
confidence limits for each fitted parameter in the best-fit
model using likelihood profiles (Hilborn and Mangel
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1997) or by bootstrapping from the original data where
necessary.

Density-Dependent Seedling Survival

Our empirical work strongly suggested that in years of low
adult abundance, seedling survival could be quite high,
but that, at least in some years, lupine populations are
limited by high seedling mortality (Maron and Kauffman
2006). These biological considerations suggested that
density-dependent seedling survival was important. We in-
corporated this form of density dependence into our pop-
ulation models by fitting both the Ricker model,

Ssdlng = (B] + BZrOdent) exp (_BSCOUt)’ (6)
and the Beverton-Holt model,

B, + B,rodent

sding — 1 | o . (7)
1 + Bcov,

to the seedling survival data. In these equations, rodent is
a categorical variable classifying plots as open or closed to
rodents, cov, is the cover of adult lupines in each plot in
year t, and 3,—0; are fitted parameters. The main difference
between these two functional forms of density-dependent
seedling survival is how they perform at high densities.
The Beverton-Holt model is compensatory, allowing a
constant number of survivors at high density; the Ricker
model allows the rate of seedling survival to continue to
decline at higher densities (Morris and Doak 2002). Cover
at the plot level was calculated by summing the circular
canopy areas of all plants in the plot. The small contri-
bution to total cover made by seedlings themselves was
not included in this analysis. Model fitting was performed
using PROC NLIN in SAS (Seber and Wild 1989). We
judged the fit of these two functional forms using Akaike
weights derived from the small-sample version of the AIC
(AIC; Burnham and Anderson 2002). Because we have
shown previously that seedling survival is habitat specific
(Maron and Kauffman 2006), we used likelihood ratio
tests, conducted separately in each habitat, to assess the
significance of the effects of voles and lupine cover on
seedling survival.

Model Structure and Methods for Estimating Mean
and Variance in Population Metrics

We used a size-based matrix projection model (Lefkovitch
1965; Caswell 2001) to evaluate the effects of seed pre-
dation by mice and seedling mortality by voles on lupine
population performance in dune and grassland habitats.
Our population model was deterministic and had the form
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n(t+ 1) = A(H)n (). Where model fitting indicated an-
nual variation in parameter values, we averaged across
years to derive an average value for our models. The full
structure and mathematical details of the transition matrix
are given in the appendix in the online edition of the
American Naturalist.

After parameterizing population models to account for
habitat-specific differences in aboveground demography,
seed dormancy, and density dependence, we used these
models to infer how seed predation by mice and seedling
herbivory by voles influence lupine population abundance
and seed bank abundance in the adjacent dune and grass-
land habitats. To do this, we first used our best estimates
of all parameters and varied seed predation rates and seed-
ling herbivory rates, together and in isolation, to evaluate
the influence of these small mammals. We ran four com-
parisons for each habitat, using (1) control levels of seed
predation and seedling survival, (2) seedling survival in
the absence of voles (but control levels of seed predation),
(3) seed survival in the absence of mice (but control levels
of seedling survival), and (4) both seed and seedling sur-
vival rates in the absence of mice and voles. As stated
previously, although our experiments did not indepen-
dently manipulate voles and mice, demographic effects
could easily be partitioned between these consumers be-
cause of the specificity of life stages they attacked. Because
our models included density-dependent effects, the as-
ymptotic population growth rate, A, and the equilibrium
population size are both of interest. Analytical A is infor-
mative as a relative measure of population growth when
density is low, a situation that occurs periodically in grass-
lands after populations recover from mass ghost moth die-
offs (Strong et al. 1995), while equilibrium population size
provides a longer-term assessment of the population-level
effects of consumers. From our model runs, we report the
short-term population growth rate (analytical N when
holding cover = 0), the number of aboveground plants
in the population at equilibrium, and the number of seeds
in seed bank at equilibrium. Populations were always
started with 100 seeds and 0 adults, and equilibrium con-
ditions were evaluated at + = 300 years.

To test the robustness of our model results to parameter
uncertainty, we ran the same four model comparisons as
a bootstrap analysis starting with the original data sets, as
suggested by Caswell (2001). For each bootstrap simula-
tion (n = 1,000), we sampled our demographic data with
replacement, recalculated all parameters from the boot-
strapped data, and reran population models to calculate
short-term A, aboveground population size, and seed bank
size. For each bootstrap estimate of seed germination and
predation, we first used the best-fit models to estimate
germination from a bootstrap data set of exclusion plots
and then fit the best-fit seed predation model to a boot-

strap data set of control plots to estimate habitat-specific
seed predation rates. We report mean population metrics
from the bootstrap analysis along with 95% confidence
intervals (CIs) for each model comparison in each habitat.

To evaluate more generally how seed dormancy and
density-dependent seedling survival mediate the effects of
seed predation and seedling survival in this system, we ran
population projections with and without seed and seedling
predators while varying the strength of seed germination
(i.e., dormancy) and density dependence. Seed dormancy
and density-dependent seedling survival were varied across
the range of values that spanned those found in grassland
and dune populations. For each level of seed germination,
we held a seed’s lifetime probability of germinating con-
stant by varying seed survival in the soil. In this way, we
did not artificially reduce lupine fecundity in these pro-
jections. To alter the strength of density-dependent seed-
ling survival, we varied the value of 3, in the Ricker equa-
tion. For these projections, we report short-term A, the
equilibrium size of aboveground plants, and the equilib-
rium size of the seed bank.

Results
Stage-Specific Survival, Growth, and Reproduction

Although we assumed an analogous matrix structure in
both habitats, substantial differences were found in several
demographic rates between habitats. In addition to dis-
playing differences in seed and seedling demography, lu-
pines inhabiting grasslands had higher growth rates and
higher rates of stage-specific seed production than did
plants growing in dunes (table 1).

Seedling Germination

Fitted models that linked seed bank size and annual seed
production to seedling emergence revealed strong differ-
ences in emergence rates between dunes and grasslands. The
maximum-likelihood estimate of seedling emergence rate
was nearly seven times higher in the dune habitat
(mean = 0.014; range 0.005—0.029 across years) than in the
grassland habitat (mean = 0.0020; range 0.0006-0.0041
across years), with strong annual variation (fig. 2). The like-
lihood profile 95% confidence limit for the “hab” parameter
(table 2) did not contain 0 (maximum-likelihood estimate:
1.96; range 1.65-2.28), and bootstrapped 95% confidence
intervals for annual germination rates between habitats did
not overlap, indicating that these mean estimates are robust
to parameter uncertainty. Thus, order-of-magnitude differ-
ences in seedling emergence exist between habitats, with
much higher emergence rates in the dune habitat. These
results are consistent with empirical estimates of emergence
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Table 1: Parameterized transition matrices for dune and grassland habitats

Seeds 1year Stage3  Stage4  Stage 5 Stage 6 Stage 7  Stage 8 Stage 9
Dune habitat:
Seeds .56 6.1 5.2 30.7 50.2 50.0 82.3 154.1 189.4
1 year .003 0 0 0 0 0 0 0 0
Stage 3 0 .35 .38 .10 .06 .06 .05 .02 15
Stage 4 0 21 .15 .15 13 .07 .03 0 0
Stage 5 0 .09 .08 .26 12 .08 .07 .08 0
Stage 6 0 .03 .04 .14 .16 .09 .09 .08 0
Stage 7 0 .03 .02 17 32 .39 41 .24 0
Stage 8 0 0 0 .02 .07 .05 .18 .24 .30
Stage 9 0 0 0 0 0 0 .01 .18 .30
Grassland habitat:

Seeds 72 237.5 423.7 1,174.2 1,910.7  2,020.7 1,884.2  2,472.4  2,573.3
1 year .0002 0 0 0 0 0 0 0 0
Stage 3 0 .04 .19 .10 .10 .07 .08 .05 .09
Stage 4 0 .05 .19 13 .06 .06 .03 .07 .07
Stage 5 0 .07 .10 13 .06 .07 .06 .02 0
Stage 6 0 .04 .07 13 .08 .10 .07 .03 .03
Stage 7 0 .04 .05 22 .39 32 .35 22 21
Stage 8 0 .00 .02 .06 12 .17 13 .24 .07
Stage 9 0 0 0 .01 .04 .04 .05 12 .26

Note: Seed production (row 1) in the dune matrix is reduced by a seed predation rate of 94%, which was estimated as part of the current

study. See appendix for details.

rates that were found to be two to three times higher in
dune than grassland habitat (Maron and Simms 1997), and
they suggest that emergence rates are likely to be one of the
key determinants of differences in seed bank size between
habitats. While it is likely that seed survival in the soil is
age specific, we believe that our assumption of a constant
soil mortality rate is unlikely to change the qualitative results
of this study.

Population-Level Rates of Seed Predation

Of the four alternative seed predation models we tested
(comprising the factorial combinations of habitat and year
effects), the habitat-only model best fit the data (AIC
weight 0.91; table 2). The summed AIC weight of the two
models with a habitat effect was 0.99, while the AIC weight
of the two models with a year effect was 0.04. These results
indicate substantial differences between dune and grass-
land habitats in postdispersal seed predation, with little
significant annual variation in predation. The maximum-
likelihood estimate of the proportion of seeds consumed
by mice was 0.94 for the dune habitat and 0 for the grass-
land habitat. Likelihood profile 95% confidence intervals
on the seed predation rate in the dune (0.55-1.0) and
grassland (0-0.44) habitats were nonoverlapping.

Seedling Survival: Effects of Voles and Density Dependence

The Ricker model (eq. [6]) provided a better fit to the
plot-level seedling survival data in each habitat than did
the Beverton-Holt model (eq. [7]; AIC weights:
Ricker = 0.70, Beverton-Holt = 0.30). Thus, we used the
Ricker to assess how vole herbivory and adult plant density
jointly influence seedling survival. Likelihood ratio tests
on nested models indicated strong effects in both habitats
of vole herbivory (x*> = 5.75, P = .0165; and x°* =

0.1000 ¢
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W Grassland
2 .01 +
o 0.0100 3
o
]
®
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& 00010 ¢
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Figure 2: Estimated rates of seedling germination in dune and grassland
habitats, spring 2001-2004. Errors bars are 95% confidence limits from
1,000 bootstrap replicates.
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Table 2: Results of model fitting to estimate habitat-specific rates of seed germination and predation for bush lupine

Negative
Model statement k  log likelilhood  AIC.  AAIC AIC weight
Germination:
Sy = €xp [by + b (yr2) + by(yr3) + by(yr4) + b,(hab)] 5 624.3 1,258.9 .0 1.00
G = €xp [by + by(yr2) + by(yr3) + by(yrd)] 4 649.4 1,307.0  48.1 .00
Seed predation:
Prewnan = logit [b; + by(hab)] 2 656.1 1,316.3 0 95
Prew.hay = 10git [b5 + be(yr2) + b,(yr3) + by(yrd) + by(hab)] 5 656.1 1,322.4 6.1 .04
Prew.nar = logit [b:] 1 661.9 1,3257 9.4 .01
Prcwhav = 10git [b; + by(yr2) + b,(yr3) + by(yrd)] 4 661.9 1,331.9  15.6 .00

Note: Germination models were fitted to plots closed to rodents to exclude the influence of seed predators. Seed predation models were
fitted to plots open to rodents with fixed annual germination rates specific to each habitat.

16.53, P<.0001, for dunes and grasslands, respectively)
and total plant cover (x* = 30.37, P<.0001; and x> =
27.89, P < .0001, for dunes and grasslands, respectively) on
seedling survival. The magnitude of vole herbivory on
seedling survival was stronger in the grassland habitat,
where the difference in seedling survival (at cover = 0)
was 0.35 with voles excluded and 0.13 in control plots,
compared to differences of 0.34 and 0.21 for exclusion and
control plots, respectively, in the dunes (fig. 3). Density-
dependent effects of total plant cover, however, were
roughly twice as strong in dune habitat (8, = 0.17, 95%
CI = 0.09-0.25) than in the grassland habitat (3, =
0.08, 95% CI = 0.04-0.12).

Although the habitats have similar seedling survival
when cover is low, the stronger density dependence in the
dune habitat suggests that seedling survival is near 0.01
when lupine canopy cover is approximately 25%, whereas
in the grasslands, lupine canopy cover has to be near 50%
to achieve such a reduction in seedling survival (fig. 3).
One caveat in our estimation of density-dependent seed-
ling survival from observational data is that the true in-
fluence of cover is potentially confounded with temporal
(i.e., environmental) variation. Because all of our plots
were free of adult lupines at the beginning of the study,
cover of adult plants is necessarily correlated with time in
both dune (r = 0.62, P<.0001) and grassland (r =
0.38, P <.0001) habitats. While environmental variability
undoubtedly influenced seedling survival during our study,
we know of no conditions (e.g., drought) that could ex-
plain the extremely low rates of seedling survival observed
in the last 3 years of the experiment, when cover was high
in most plots.

Population Projections

Models parameterized with empirical estimates of ger-
mination and density dependence in both habitats dem-
onstrate that postdispersal seed predation by mice (in the
dunes) and seedling herbivory by voles (in both habitats)

have strong but habitat-specific population-level conse-
quences for lupines (fig. 4). Seed predation in the dunes
decreased analytical A values (holding cover = 0) by 37%
(bootstrap 95% CI = 29%-49%), reduced the equilib-
rium size of aboveground plants by 89% (CI =
58%-100%), and depressed seed bank size by 98%
(CI = 91%-100%; fig. 4). These effects are robust to un-
certainty in our parameter estimation; 95% bootstrap rep-
licates of all three population metrics do not overlap be-
tween model projections for control populations and those
for populations where seed predators are excluded (fig. 4).
In contrast to these forceful population-level effects of
granivorous mice on dune populations, vole herbivory on
seedlings had rather limited effects.

In the adjacent grassland habitat, population projections
indicate that even occasional bouts of intensive seedling
herbivory by voles (fig. 1), when averaged across years,
can have strong population-level consequences. Voles re-
duced grassland population growth by 15% (CI =
10%-19%; fig. 4). Because density dependence was esti-
mated to be weaker in grasslands than in dunes, this mod-
est reduction in A strongly influenced the equilibrium pop-
ulation. Model results indicate that voles decrease the
equilibrium size of the aboveground population by 63%
(CI = 44%-89%) and lower the equilibrium seed bank
size by roughly 63% (CI = 44%—-89%). As was the case
for dunes, 95% bootstrap confidence intervals for N and
aboveground population size did not overlap between con-
trol and vole exclusion model projections but slightly over-
lapped with regard to final seed bank size (fig. 4). Pop-
ulation projections always resulted in stable equilibrium
numbers by the end of the 300-year time horizon, and
stable cycles or chaos were never observed across all plau-
sible formulations of the Ricker equation. When mice were
excluded in the dunes, damped oscillations were often
generated, but these diminished completely within 30-50
years. For both habitats, equilibrium numbers of adults
and seeds were in rough accordance with recorded patterns
in the field, where grassland habitats have denser stands
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Figure 3: Fitted Ricker functions characterizing the joint influence of vole herbivory and density dependence on lupine seedling survival in dune

(A, C) and grassland (B, D) habitats.

of adults and order-of-magnitude-larger seed banks com-
pared to dune habitats (Maron and Simms 1997).

Because we found strong annual variability in germi-
nation rates (fig. 2), we ran a separate set of bootstrap
population projections with variable germination (choos-
ing each annual germination rate with equal probability)
to evaluate the potential influence of this variability on
model results. All model results from the population pro-
jections with variable germination were qualitatively sim-
ilar to deterministic projections. Most importantly, the
differences in equilibrium population size and seed bank
size between treatments were maintained, with nonover-
lapping 95% confidence intervals as in the deterministic
projections.

We found that consumers exerted strong control over
lupine population performance even when we varied the
strength of dormancy and density dependence across a
range of values experienced by the dune and grassland life

histories. Short-term A increased as dormancy decreased,
allowing consumers to have a stronger effect on N when
dormancy was low (fig. 5). Increasing dormancy in the
dunes reduced the effect of mice from a 39% decrease in
N\ to a 29% decrease in A. Decreasing dormancy in the
grassland increased the negative effect of voles on lupine
population growth from a 15% decrease in A to a 25%
decrease in \. However, the effects of dormancy on short-
term A did not translate to differences in the equilibrium
population size of adults. Instead, the size of the above-
ground population was influenced by the strength of den-
sity dependence, allowing consumers (mice in the dunes,
voles in the grasslands) to have stronger effects when den-
sity dependence was weak (fig. 6). The size of the seed
bank at equilibrium was jointly influenced by dormancy
and density dependence. This mediated the effect of con-
sumers, allowing them to have their largest impacts on
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seed banks when dormancy was high and density depen-
dence was weak (fig. 6).

Discussion

Population models parameterized with experimental de-
mographic data clearly indicate that different small mam-
mal consumers can have substantial, lasting impacts on
the population growth and dynamics of a perennial plant
with a seed bank. The strength of these effects—in the
face of density-dependent seedling survival and a persis-
tent seed bank—suggests that the conditions under which
consumers such as these exert effects on plant popula-
tion abundance may be more common than previously

thought. Louda and Potvin (1995) predicted that short-
lived perennials or fugitive plants with a heavy reliance on
current seed production should be most sensitive to the
negative population-level effects of seed consumers. What
is less clear, however, is how seed or seedling consumption
influences the dynamics of woody plants, particularly those
with seed banks. Our results highlight the fact that the
mere presence of seed dormancy and density dependence
does not eliminate consumer impacts on plant abundance.
Rather, it is the strength of these processes that shapes
consumer influences (Maron and Gardner 2000). This ar-
gues for quantitative, rather than qualitative, assessments
of how population processes mediate plant-consumer im-
pacts (Ehrlén 2002).
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It has long been known that both voles and granivorous
mice can have substantial impacts on seed and seedling
survival. Voles, particularly at population highs, can have
devastating effects on vegetation (Batzli and Pitelka 1970;
Ostfeld and Canham 1993; Ostfeld et al. 1997; Sirotnak
and Huntly 2000; Manson et al. 2001; Howe et al. 2002),
particularly in old fields, where they strongly reduce tree
seedling recruitment (De Steven 1991; Gill and Marks
1991; Ostfeld and Canham 1993; Ostfeld et al. 1997; Man-
son et al. 2001). Granivorous mice have similarly strong
effects on seedling recruitment (Edwards and Crawley
1999; Cummings and Alexander 2002). These varied im-
pacts, however, have seldom been examined from a pop-
ulation perspective. Furthermore, plant ecologists seldom
directly connect commonly observed variation in con-
sumer pressure across environments (Holloway 1957;
Louda 1982; Lincoln and Mooney 1984; Galen 1990;
Louda and Rodman 1996; DeWalt et al. 2004) with habitat-
specific patterns in plant abundance or dynamics (but see
Louda and Rodman 1996). In most cases, differences in
plant abundance across habitats or environmental gradi-
ents are usually ascribed to abiotic factors that vary be-
tween habitats rather than to differences in consumer pres-
sure. Results from this study show that different consumers
can determine patterns of plant abundance in adjacent
habitats and that habitat-specific demography interacts
with habitat-specific impacts of consumers to shape adult
plant and seed bank abundance in each habitat.

The strong habitat-dependent effects of voles on bush
lupine may result from differences between habitats in vole
abundance. While we do not have direct estimates of this,
grassland habitat at our study site has greater cover and
is probably a more suitable habitat for voles than is dune
habitat. In contrast, the difference between habitats in seed

predation is probably not a result of differences in mouse
abundance (Maron and Simms 2001) but rather a result
of the greater vulnerability of lupine seeds in open dune
habitat than in grasslands.

Our results provide new insights into the role that seed
dormancy, alone and in concert with density-dependent
seedling survival, plays in mediating consumer effects. In
our population models, increasing seed dormancy lowered
deterministic N (fig. 5). Because we held the probability
of germination over a seed’s lifetime constant (by adjusting
rates of survival in the soil), the reduction in A\ with in-
creased seed dormancy results from the effect of delayed
reproduction on the multiplicative rate of population
growth. However, in addition to reducing A in control
populations, increasing dormancy also slightly reduced the
influence of consumers on short-term population growth
rate (A when cover = 0; fig. 5). Seed dormancy mediates
the effects of consumers on density-independent popu-
lation growth by changing the influence of seeds on A;
with less dormancy, seeds have greater direct effects on A,
allowing consumers of seeds (and seedlings) to have
greater impacts on A. This result holds for both seed pre-
dation by mice in dunes and seedling herbivory by voles
in grasslands. However, dormancy has a stronger buffering
influence on the population-level effect of seed predation
than it does on seedling herbivory (fig. 5). Our results
point to a general gap in our understanding of how seed
banks influence aboveground dynamics of plants (Kalisz
and McPeek 1992; Cabin et al. 2000; Doak et al. 2002)
and suggest that additional studies that focus on uniting
seed bank and aboveground dynamics are needed.

Interestingly, the increase in A with decreasing dor-
mancy does not translate to increases in the equilibrium
population of aboveground plants over the range of rates
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dependence axis charts the value of 3, ( x 10,000) in equation (6).

of germination and density dependence estimated for the
dune and grassland life histories (fig. 6). Instead, the
change in the aboveground population in these projections
is determined solely by the strength of density dependence.
Thus, density dependence in our models appears to elim-
inate the cost of seed dormancy for the aboveground pop-
ulation. This happens because at the equilibrium, the same
number of seeds germinate each year, regardless of whether
they originate as a large germinating fraction of young
seeds (when dormancy is low) or a tiny germinating frac-
tion of a vast seed bank (when dormancy is high). Thus,
at equilibrium, the delayed reproduction of the high-
dormancy life history (which causes the decrease in short-
term \; fig. 5) “catches up” to that of the less dormant
life history to produce an equivalent number of seedlings
in the next generation.

While compensatory density-dependent seedling mor-
tality is commonly given as a major reason why consumers

may seldom limit plant populations (Crawley 1989, 1992),
few studies have quantified the strength of such density
dependence, let alone incorporated it into population
models used to infer consumer impacts on plants. Harper’s
(1977) early contention that there is a “tolerable” amount
of seed predation that, because of density-dependent seed-
ling survival, will not affect the plant population has dom-
inated ecologists’ thinking for some time. This reasoning
requires that the form of density dependence be fully com-
pensating, whereby there is a set maximum number of
seedlings that can survive. All excess seeds (and the seed-
lings that recruit from them) are simply eliminated by
density-dependent processes. In our model, we used em-
pirical estimates of seedling survival, which monotonically
decrease as a function of total lupine cover. Thus, voles
reduce the baseline seedling survival rates, and their effect
on equilibrium population size is mediated by the equi-
librium amount of adult lupine cover (fig. 3). One caveat



to our conclusions is that we did not assess density effects
on demographic rates other than seedling survival. To the
extent that strong density dependence operates on other
life stages, this could compensate for consumer effects to
a larger extent than we have estimated in our population
models.

To explore in more detail how the strengths of density
dependence and seed dormancy mediate consumer effects
on lupine populations, we varied these rates and examined
how the magnitude of consumer effect changed in param-
eter space. Density dependence had a simple nonlinear
influence on the magnitude of the consumer effect on
equilibrium population size of aboveground plants (fig.
6). Not surprisingly, the population effects of both seedling
herbivory and seed predation decreased as the strength of
density-dependent seedling survival increased. Density-
dependent seedling survival mediates consumer effects on
seeds and seedlings by lowering the reproductive value of
these life stages and reducing the population-level impor-
tance of animals that consume them. In our system, how-
ever, density-dependent seedling survival is not strong
enough to eliminate specific consumer effects, and lupine
populations are ultimately limited by high seed and seed-
ling death due to consumers (fig. 6).

Our model revealed that in addition to affecting above-
ground population size, consumers can have dramatic and
lasting effects on the size of the lupine seed bank. Model
projections of dune populations where seed predators are
excluded yield a mean seed bank size of approximately
35,742 seeds, which is more than an order of magnitude
higher than the 662 seeds persisting in the control pro-
jections (fig. 4). In the grasslands, protecting seedlings
from occasional high bouts of vole herbivory can more
than double the long-term size of the seed bank. This study
suggests that the more abundant seed bank that we typ-
ically find in grassland versus dune habitat (roughly four
times greater in grasslands than dunes) is due not only to
higher seed dormancy but also to reduced seed predation
by mice in that habitat. Spatial variation in seed bank
density is often ascribed to variation in the cues that trigger
germination, in addition to physical (i.e., genetic) deter-
minants of seed dormancy (Baskin and Baskin 1998).
However, for a given rate of germination and dormancy,
seed bank size can be critically affected by consumers that
reduce the number of seeds entering the belowground seed
pool.

Previous studies have shown that ghost moth (Hepialus
californicus) herbivory kills adult lupines, driving boom-
bust dynamics in grasslands (Strong et al. 1995; Maron
1998, 2001). However, during our 5.5-year demographic
study, in which we experimentally kept lupines free of these
root-boring insects, we found no effects of these herbivores
on adult plant survival or fecundity (Maron and Kauffman
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2006). Thus, our population model does not depict the
kind of dynamics for lupines in grasslands that are some-
times seen empirically. However, our goal in modeling
consumer effects was not to fully mimic the rich range of
population dynamics that lupines exhibit in grasslands.
Instead, we have explored how variation in plant life his-
tory (i.e., differences between grassland and dune popu-
lations in adult growth rates and seed dormancy) interacts
with density dependence to mediate how consumers in-
fluence plant populations. Our results suggest that even
in the absence of strong effects by one consumer, other
consumers may exert lasting effects.

It is logical to assume that herbivory and granivory on
early life stages (i.e., seeds and seedlings) of perennial
plants are unlikely to produce population-level impacts
because the sensitivity of N to these vital rates is typically
quite low (Silvertown et al. 1993; Franco and Silvertown
2004). In contrast, adult survival often has a much larger
influence on A than the same proportional change in seed
survival or germination. However, lost in this line of rea-
soning is the fact that the demographic rates of seeds and
seedlings are typically much more variable than those of
adult plants (Howe and Miriti 2004). Damage or outright
loss of these life stages due to consumers can bring about
much larger demographic changes still. Our results illus-
trate this point. In both grasslands and dunes, different
consumers had strong effects on the vital rates of seeds
and seedlings. However, growth and survival of large size
classes were fairly similar between grassland and dune pop-
ulations (table 1), and consumers have little impact on
these transitions (Maron and Kauffman 2006). Yet, in both
habitats, effects of consumers on early life stages had
meaningful effects on projected population sizes of plants
by bringing about large changes in these vital rates.
Thus, current thinking regarding the unimportance of
consumer-driven changes to seed and seedling demogra-
phy for overall population growth may often be incorrect
when it is not tempered by knowledge of the magnitude
of demographic change imposed by consumers. If large
enough, changes to vital rates of low elasticity can bring
about meaningful population-level effects (Gaillard et al.
2000).

The broad message from this work is that understanding
the degree to which herbivores influence plant population
dynamics requires estimating their effects on particular
vital rates and then incorporating them into a quantitative
population framework. This approach is rare, not only for
native plant—native consumer studies but also for those
that examine the effects of biocontrol agents on plants
(McEvoy and Coombs 1999), plant-pollinator dynamics
and pollen limitation (Ashman et al. 2004), and plant-
seed dispersal interactions (Godinez-Alvarez et al. 2002;
Howe and Miriti 2004). Understanding how plant distri-
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bution and abundance are influenced by biotic interactions
requires understanding how sensitive population growth
is to particular demographic rates, in addition to quan-
tifying the magnitude of consumer effects on these rates.
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