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the available estimates\( 0.8228;g; 0.5503; g, plants in the area but outside of our plots, counted
0.3171). For more details about the source of these data the number of seeds within, and calculated the average
and the natural variation in these estimates, see number of seeds per silique. The variation among
Appendix A. These values, particularlyg; and g,, vary plants in their total seed production appeared to be
a great deal in nature, and therefore we explored the primarily through production of siliques, and not the
sensitivity of our model results to these parameters using number of seeds per siligue (mean 15.8 seeds, range:
bifurcation graphs to vary v over a range of 0.7...1.@;  8...21 seeds), and so we estimated the number of seeds
over a range of 0.1...0.9, argb over a range of 0.01...0.6 produced per plant (parameterf) as the product of
(see Appendix B ). each plantes silique production and the average number
It is unknown whether seed viability declines over time of seeds per silique.
for seeds in the seed bank, so we examined how different )
assumptions about seed mortality would affect the Density dependence
longevity of seeds in the seed bank and projected We used scatterplots to explore whether individual
population dynamics. We “nd that for seed mortality survivorship was density-dependent. Fig. 2A, B show
rates ranging between @ and 20%, the longevity of seeds observed summer and winter rosette survivorship
in the seed bank is between 10 and15 years. This longevity(parameterss, and s3) in each plot i as a function of
corresponds to results found by V. Nuzzo ¢npublished the total density of individuals in the plot (R; A;) and
data and ongoing study), in which A. petiolata seeds as a function of the density of rosettesR;) in the plot,
survive and germinate out of the seed bank for at least 10 respec’[ive|y. Con“dence intervals (9%) for the survi-
years. For values of seed mortality ranging from &  vorship were obtained from the likelihood function for
through 20%, the projected population dynamics and the observed number of survivors;) from the binomial
bifurcation results (simulating management) were quali- distribution with estimated mean §  Vy/R;. Clearly,
tatively similar. Therefore, the model and results we syrvivorship decreases with individual density, though
present here do not incorporate a decay in seed viability the uneven coverage across the range of densities
(seeds only leave the seed bank by germinating). somewhat obscures the pattern and the con“dence
To estimate early survivorship from germination t0 jntervals are wide.
the rosette stage (parametes;) we established 40 1..°m  Tg obtain density-dependent equations for the dy-
plots within the same population at Tyson, butatalater namical model, we “t linear and logistic regression
date (2006). Within these plots, we tagged 469 recently models to these data. First, fors, we considered that
germinated individuals in early April 2006 and censused individual survivorship could be a function of rosette
them for survival in mid May 2006 (s,  0.131) (Pardini  gensity [R), adult density (A), an interaction between the
et al. 2008). Because these plots did not span the rangey,q (U AXR), and/or total density (T A R). Using
of possible densities, we were not able to test for density \ariaple signi‘cance for model selection, we determined

dependence ins;. We explored the sensitivity of our  gymmer survivorship,s,, was best described by a logistic
model to variation in this parameter over a range of regression:

values, 0.1...0.9 (Appendix B).
We collected data on survivorship and fertility at a § 1=1 Pl BTt o 2
range of plant densities to estimate functions fors,, Sz,
and f. A large, very dense area ofA. petiolata occurs at
Tyson, re’ecting the core population at the site; plant
density declined with distance from that core, most
likely as a result of dispersal limitation because plants
that occurred on the periphery of the core were very
successful (se®esults: Density dependencbelow). We
selected 34 1-rh square plots that varied in rosette
density, and were separated from each other by at leas
10 m. In August 2003 we counted the number ofA.
petiolata rosettes in each plot, which ranged from 1 to
278 rosettes Il 1795 total rosettes). We re-censused To test for density dependence in fertility, we regressed
all of the plots in early May 2004 to determine the individual seed production (f) on adult density, after
number of the previous yeares rosettes that survived natural log-transforming seed production to stabilize the
and bolted into the "owering adult stage (parameter variance and to linearize the approximately exponential
s3). We censused the number of new rosettes present indecrease evident in Fig. 2C. That natural log-transformed
each plot in early May 2004 N\ 1346 new rosettes), observations of fertility were well “t by a linear model
and re-censused in August 2004 to determine their (Fig. 2C inset) suggests that a two-parameter exponential
survivorship (parameter s). In June...July 2004 we form is appropriate here, namely,
counted the number of siliques (seed pods) per .
reproductive plant. We collected 58 siliques from f

Values designated byp here and in the following
equations represent regression parameter coef‘cients
and are reported in Table 1. As winter survivorship can
only be dependent on rosette density (adults are not
present in the population from August through early
May), the model for s3 is simpler. A log-log plot of s;
suggested that a simple linear regression on a log-log scale
was adequate (Fig. 2B inset). Thusss was modeled as

§3 e Byloge R 1 * 3

ebiA o 4



March 2009

Summer survivorship, s,

Winter survivorship, s,

Individual fertility, f (no. seeds/plant)

DYNAMICS AND CONTROL OF GARLIC MUSTARD

391

0.8

0.6

0.4 4

0.2 4

? ts

0.0

In(total density)

1.0 @

0.8

0.6

0.4

0.2 4

In(winter survivorship)
L ]

1 2 3 4
In(rosette density)

¥ s

0.0®

T
4

In(rosette density)

3500

3000

2500

2000

1500 4

1000 +

500 1

Inindividual fertility)

o]

~

o

10 20 30 40
Adult density (no. plants/m?)

50

10

T
20

T
30

40

Adult density (no. plants/m?)

50

Fic. 2. Survivorship and fertility of Alliaria petiolata. (A) Summer survivorship of A. petiolata rosettes ;) as a function of the
total density of garlic mustard (density of rosettes and adults [no. individuals/fi). (B) Winter survivorship (ss) as a function of

rosette density, with the inset showing the data on a log...

log scale. For (A) and (B) the con“dence interval94p%or survivorship

were obtained from the likelihood function for the observed number of survivorsY;) from the binomial distribution with estimated

means;

natural log-transformed individual fertility regressed against adult density.

Vi/R;. (C) Observed fertility (f) of adult garlic mustard plants as a function of adult density, with the inset showing
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A. petiolata, creating delayed density dependence. mortalities, because increasing rosette mortality poten-
However, despite the potential simplicities in our model, tially increases the equilibrium population densities of
we note that our projections do seem to re”ect the A. petiolata.
densities and patterns that are observed in this and in  The complicated population dynamics we observe in
other A. petiolata populations, which include rosette A. petiolata are likely typical for short-lived organisms
densities of about 20...350 rosettes/nfMeekins and with stage structure and density dependence. In addition
McCarthy 2002, Smith et al. 2003, Winterer et al. 2005) to our study, others have found evidence that density-
and a few higher estimates of about 400...2000 rosetdependent vital rates can lead to oscillations in short-
tes/n? (Anderson et al. 1996; E. A. Pardini, B. J. Teller, lived plants (Symonides et al. 1986, Thrall et al. 1989,
and T. M. Knight, unpublished datg and adult densities Crone and Taylor 1996, Buckley et al. 2001) and in
of about 10...150 plants/m(Anderson et al. 1996, Byers laboratory insects (e.g., Costantino et al. 1997). Further,
and Quinn 1998, Nuzzo 1999, Meekins and McCarthy Neubert and Caswell (2008) explored the effects of
2002, Smith et al. 2003, Rebek and O<Neil 2006). density dependence and stage structure among organ-
Complex population cycling in this species may be isms with disparate life histories by altering parameters
interrupted by stochastic events such as environmental in a two-stage discrete-time model. They found that
variation. For example, a severe late-summer drought semelparous life histories were more likely to have
might cause high density-independent mortality that complicated and unstable dynamics than iteroparous
virtually eliminates most rosetteA. petiolataindividuals.  ones. The results and management implications foA.
The following year, in a population that would have petiolatashould apply to other invaders with similar life
contained many second-year, adult plants would consist histories that are short lived and often reach high
only of seedlings germinated from seed in the seed bank.densities in which strong density dependence might
We observed such a drought event at Tyson Researchoccur (e.g., Carduus nutans Centaurea spp., Cirsium
Center (Missouri, USA) in fall 2007, which has resulted vulgare Heracleum mantegazzianum, Microstegium vim-
in two sequential years with high rosette and low adult ineum, Verbascum thapsys
abundances. Interestingly, extreme environmental vari-  Our study combined with the results of other studies
ation that affects a wide regional area may contribute to suggests that management strategies targeting adults are
the observed regional synchrony of population cycling superior to strategies targeting rosettes. Although the
among rosette and adults years (McCarthy 1997). majority of A. petiolata management has been focused
However, because the presence of the seed bank allowsn killing adults before they set seed (typically through
the abundance of the population to quickly rebound, we cutting or manually pulling individuals; Nuzzo 1991)
expect that a population would rapidly return to cycles some management has also been directed towards killing
after an extreme environmental disturbance. rosettes, typically with herbicides (Nuzzo 1991, 1994), a
The management implications of complex population strategy often employed by natural-areas managers (D.
dynamics of invasive species that result from stage- Larson and G. Raeker, personal communication Ex-
structured density dependence are profound, though perimental control efforts with herbicides has yielded
rarely considered (but see Myers et al. 1989, Buckley et mixed results: treating rosettes in the fall reduceg\.
al. 2001, Buckley and Metcalf 2006). Our model focuses petiolata density and cover in the following spring
on reducing the number of individuals in the population (Nuzzo 1994, Carlson and Gorchov 2004) but has little
through management and not on reducing the biomass effect on A. petiolata recruitment over several years
of the population. In density-dependent populations, (Hochstedler et al. 2007, Slaughter et al. 2007). Our
biomass and individuals cannot be considered separate-analyses suggest that over a relatively wide range of
ly, since decreasing the number of individuals will allow intermediate levels of rosette mortality, as might often
per capita biomass to increase. Our model demonstrates be achieved with herbicides, control efforts can actually
that when A. petiolata management is less than increase the overall density ofA. petiolata. In addition,
completely ef‘cient, release from density dependence herbicides may harm co-occurring native species (but see
can allow for increased survival and increased fertility of Carlson and Gorchov 2004). Thus, we recommend
the remaining individuals. In our model, a control managers avoid the use of herbicide on rosette plants
ef‘ciency of >85% removal of adults in every year is and instead focus management on adult plants. Our
required to successfully reduce the population density of recommendation to focus management on a single life
A. petiolata. Preliminary results of experimentally stage (adults) of an invasive-plant population agrees
managed plots con“rm these predictions (Winterer with the recommendation of a recent theoretical study
2005, Pardini et al. 2008). Further, moderate levels of that takes a different approach (e.g., density-indepen-
induced mortality of both rosettes and adults can cause dent population growth is assumed; Hastings and
complex dynamics in which population density may Botsford 2006), suggesting that this recommendation
"uctuate unpredictably among a wide range of densities might apply to a variety of invasive plant species.

(e.g., 200...550 individualsfrrfor intermediate levels of
adult mortality). Importantly, management of rosettes

While our stage-structured model is not spatially
explicit, it has implications for achieving effective

can be counterproductive across a wide range of induced management in space. That our model shows inef‘cient
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management efforts do not reduce population densities Buckley, Y. M., and J. Metcalf. 2006. Density dependence in
suggests efforts should be focused on inducing 190 invasive plants: demography, herbivory, spread and evolu-

mortality in a targeted area of a population rather than
spreading efforts widely. It may be a general feature that
management of nascent foci, or satellite populations, is
critical for controlling the spread of invasive plants
(Moody and Mack 1988). Alliaria petiolata spreads in a
demic pattern through the establishment of multiple
satellite populations that eventually coalesce (McCarthy

tion. Pages 109...123 M. W. Cadotte, S. M. McMahon, and
T. Fukami, editors. Conceptual ecology and invasion
biology: reciprocal approaches to nature. Springer, Dor-
drecht, The Netherlands.

Byers, D. L., and J. A. Quinn. 1998. Demographic variation in
Alliaria petiolata (Brassicaceae) in four contrasting habitats.
Journal of the Torrey Botanical Society 125:138...149.

Carlson, A. M., and D. L. Gorchov. 2004. Effects of herbicide
on the invasive biennial Alliaria petiolata (garlic mustard)

1997). Because of their prime location in space, these and initial responses of native plants in a southwestern Ohio

forest. Restoration Ecology 12:559...567.

satellite individuals are expected to contribute dispro-
portionately to the expansion of the population in Canadian weeds. 35Alliaria petiolata (M. Bieb.) Cavara and
density-independent models (Neubert and Caswell Grande. Canadian Journal of Plant Science 59:217...229.
200). In these smaller satellite populations, managers Cipollini, D., and B. Gruner. 2007. Cyanide in the chemical
might be able to achieve the high mortality ef‘ciency "ér}f:r?]?éaf’gc%?g“gi/ g;‘,’;éardé 4A"'a”a petiolata. Journal of
(ideally 100% mortality of rosettes and/or adults every costantino, R. F., R. A. Deshamais, J. M. Cushing, and B.
year) that our model suggests is necessary to successfully Dennis. 1997. Chaotic dynamics in an insect population.
manageA. peti0|ata_ Science 275:389...391.

Recently, Simberloff (2003) suggested that control of Cron€: E. E., and D. R. Taylor. 1996. Complex dynamics in

. . . . . . experimental populations of an annual plant, Cardamine
invasive species does not necessarily require detailed pensyivanicaEcology 77:289...299.

knowledge of the underlying population biology of the Cruden, R. W., A. M. McClain, and G. P. Shrivastava. 1996.
species themselves. Instead, he suggested that simple Pollination biology and breeding system ofAlliaria petiolata
control efforts would often be successful. While we agree (Z%r??ss;%a(\)ceae). Bulletin of the Torrey Botanical Club 123:
that control efforts cannot necessarily wait for the best Cushing, J. M., R. F. Costantino, B. Dennis, R. A. Desharnais,

management options to be considered by scientists, we and S. M. Henson. 1998. Nonlinear population dynamics:

Cavers, P. B., M. |. Heagy, and R. F. Kokron. 1979. Biology of

also warn that not understanding the underlying
population dynamics,such as density dependence of
invasive species in our case,can sometimes lead to
ineffective or even harmful management strategies.
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