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Abstract. The threat posed by exotic organisms to native systems has led to extensive
research on exotic invaders, yet management of invasives has progressed relatively slowly. This
is partly due to poor understanding of how exotic species management influences native
organisms. To address this shortfall, we experimentally evaluated the efficacy of an invasives
management tool for restoring native deer mouse (Peromyscus maniculatus) populations
elevated by exotic species. The exotic insects, Urophora spp., were introduced in North
America for biological control of the Eurasian invader, spotted knapweed (Centaurea
maculosa), but instead of controlling C. maculosa, Urophora have become an important food
resource that doubles P. maniculatus populations, with substantial indirect effects on other
organisms. We hypothesized that herbicide suppression of Urophora’s host plant would reduce
the Urophora food resource and restore P. maniculatus populations to natural levels. Prior to
treatment, mouse populations did not differ between controls and treatments, but following
treatment, P. maniculatus were half as abundant where treatment reduced Urophora.
Peromyscus maniculatus is insensitive to direct herbicide effects, and herbicide-induced
habitat changes could not explain the P. maniculatus response. Treatment-induced reductions
of the Urophora food resource offered the most parsimonious explanation for the mouse
response. Multistate mark—-recapture models indicated that P. maniculatus survival declined
where Urophora were removed, and survival rates were more correlated with variation in
population size than movement rates. Other demographic and reproductive parameters (sex
ratios, reproductive status, pregnancy rates, and juvenile recruitment) were unaffected by
treatment. These results suggest the Urophora biocontrol elevated P. maniculatus survival, and
the herbicide treatment restored mouse populations by removing the exotic food and reducing
survival. This work illustrates the importance of mechanistic understandings of community
and population ecology for improving invasive species management.
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INTRODUCTION

Biological invasions are a leading threat to native
species and ecosystems around the world (Wilcove et al.
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syndrome, a disease that is fatal in 38% of human cases
(Mills et al. 2002).

Based on previous studies documenting the sensitivity
of C. maculosa to broadleaf herbicides (Rice and Toney
1998), we hypothesized that broadleaf herbicide treat-
ment would suppress C. maculosa and thereby reduce
Urophora, which are obligate parasites of C. maculosa.
Reductions in Urophora should, in turn, reduce P.
maniculatus populations and presumably indirect effects
associated with elevated P. maniculatus populations. We
tested this hypothesis in a replicated, large-scale, five-
year field experiment using a pre- and post-treatment
study design. Our primary objectives were to (1)
evaluate whether experimental removal of C. maculosa
and the Urophora food resource reduces P. maniculatus
populations to pre-invasion conditions and (2) deter-
mine the relative role of survival, reproduction, and
movement in causing any reductions in P. maniculatus
populations.

METHODS
Study site

The study was located at Calf Creek Wildlife
Management Area, approximately 10 km northeast of
Hamilton, Montana, in the foothills of the Sapphire
Mountains (46°16" N 114°5’ W). Average annual
precipitation is approximately 32 cm, mostly as snow
in winter and rain in May and June. Mean monthly
minimum and maximum temperatures are 1.6° and
8.6°C during the winter peak in January and 8.6° and
29.3°C during the summer peak in July. The study area
is dominated by grassland benches separated by conifer-
lined drainages. Study plots were located on the grassy
benches where vegetation is generally sparse and the
dominant native plants are bluebunch wheatgrass
(Pseudoroegneria spicata), June grass (Koeleria macran-
tha), and Great Basin sage (Artemisia tridentata).
Centaurea maculosa has become the dominant plant
since invading the study site in the 1970s. Domestic
grazing has been excluded at Calf Creek since 1960.

Overall experimental design

Sampling was conducted from 1999 to 2003 on four
replicate plots. Plots were selected for homogeneous
vegetation, microtopography, and soil conditions and
were spaced >500 m apart. Each plot was comprised of
three parallel transects 220 m long and 50 m apart
running perpendicular to the slope. One sampling
station was located every 10 m along each transect
totaling 22 sampling stations per transect. On 5 May
2000, C. maculosa and Urophora were removed from
half of each plot by helicopter spraying the broadleaf
herbicide Tordon (Dow Agrosciences LLC, India-
napolis, Indiana, USA) at 1.24 L/ha. Herbicide treat-
ment was randomly assigned to half of each plot,
splitting transects in half. This design was implemented
to explicitly test for the influence of the Urophora food
resource on reproduction, survival, and local move-
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ments. Treatments covered tens of hectares resulting in
large buffer strips on the three exposed sides of each
treated plot (buffers were >500 m on all sides of all but
one plot where the buffer ranged from approximately 50
m on one side to 200 m on the other two sides).
Centaurea maculosa is very sensitive to Tordon allowing
the treatment to target C. maculosa and minimize
impacts on native plants (Rice and Toney 1998). As
obligate parasites, Urophora are eliminated with their
host plant.

Within each plot, we monitored potential changes in
vegetation cover, Urophora and other invertebrate
foods, and P. maniculatus. Vegetation cover was
monitored to evaluate whether the treatments effectively
reduced C. maculosa, quantify habitat changes, and
determine to what extent vegetation structure might be
responsible for the P. maniculatus response. Abundance
of Urophora and other invertebrates was monitored to
understand the potential changes in food resources for
P. maniculatus. Finally, P. maniculatus was monitored
using mark-recapture techniques to estimate changes in
population size, survival, movement, and reproduction.

Vegetation, Urophora, and other invertebrate sampling

Percent cover of C. maculosa, other forbs, grasses, and
shrubs were visually estimated over a 5 m radius circular
plot centered on each sampling station during the first
week in July 1999-2003. Urophora larvae were quanti-
fied in 1999 and 2000 as the number of larvae per C.
maculosa seed head by haphazardly collecting 10 seed
heads from within 1 m of each sampling station in the
fall and dissecting the seed heads to count the larvae
within. In 2001 and 2002, Urophora were quantified in
0.5-m? quadrats placed 0.5 m uphill from each sampling
station. Within each frame, percent cover of C. maculosa
was estimated and the number of C. maculosa stems and
seed heads were counted. A random subset of 20 seed
heads was selected from each station to quantify the
larvae within. These data were used to calculate the
density of larvae per seed head and per 0.5 m? in 2001
and 2002 and to determine the relationship between C.
maculosa cover, C. maculosa seed heads, and Urophora
larvae for extrapolating larval densities over all years
(see Analyses). Urophora were not quantified in 2003
since this cohort would not provide food for mice until
after the study ended. To quantify possible effects of
treatment on other potential food resources, we
conducted pitfall sampling for invertebrates, which are
the dominant food for P. maniculatus in semiarid
grasslands in this region (Johnson 1961, Pearson et al.
2000). Pitfalls were 355-mL cups containing 120 mL of
formalin placed in the bottom of 2-L plastic soda bottles
with the tops cut off and inverted to form funnels that
directed captures into the cups. We placed pitfalls at the
center of every third sampling station (30-m intervals)
starting 30 m from the treatment boundary so that there
were six pitfalls on each transect (three on each side of
the treatment boundary). We conducted pitfall sampling
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over three three-week periods in spring, summer, and
fall, 2000-2003, concurrent with mouse trapping (see
Deer mouse sampling), so that sampling began one week
before and ended one week after each trapping session.
Invertebrates were identified to order and counted. We
focused our analysis on Orthoptera, Lepidoptera,
Coleoptera, and Arachnida, because other work at this
study site indicated that, aside from Urophora, these
orders dominate the P. maniculatus diet (D. E. Pearson,
unpublished data).

Deer mouse sampling

We sampled P. maniculatus populations using Sher-
man folding live traps (7.6 X 8.9 X 22.9 cm; H. B.
Sherman Traps, Tallahassee, Florida, USA). Traps were
spaced at 10-m intervals along the three transects on
each replicate plot. This resulted in 22 trap stations per
transect with 11 stations on each side of the treatment
boundary, beginning 10 m from the boundary. We ran
one trap at each sampling station for four days. We
baited traps with peanut butter and whole oats, and we
covered traps with closed cell foam and placed
polypropylene batting inside to protect mice from
inclement weather. Trapping was conducted in spring
(last week in April), summer (first week in July), and fall
(first week in October). We checked traps each day
before 11:00 hours, and captured animals were identified
to species and tagged with uniquely numbered 1005-1
monel ear tags (National Band and Tag Company,
Newport, Kentucky, USA). We determined the sex,
mass, and reproductive status of each individual prior to
release at the trap station. Peromyscus maniculatus were
weighed to the nearest 0.5 g and age was assigned based
on pelage as juvenile (all gray), subadult (mottled gray-
brown), or adult (all brown or beginning adult molt).
Females were deemed reproductively active if visibly
pregnant or if mamma were visibly swollen. Males were
deemed reproductively active if testes were palpable or
fully descended. We also snap trapped mice during all

live trapping periods for diet analysis (results not
reported here). Snap trap lines of six standard snap
traps baited with peanut butter were set out at 40-m
intervals along two transects centered between the three
live trap transects (25 m from either live trap transect)
for a total of 12 snap traps per plot, six on either side of
the treatment boundary. We checked snap traps along
with live traps during each four-day sampling period.
Plots and treatments were sampled simultaneously
during each trapping period.

Analyses

This experiment was designed to test for two a priori
explanatory variables that could influence Peromyscus
populations: treatment and season. Season was consid-
ered important because P. maniculatus predation on
Urophora changes seasonally (Pearson et al. 2000). We
also considered year effects in the analyses, focusing on
how a drought in spring of 2000 that substantially
reduced the Urophora resource on control plots (see
Results) potentially influenced Peromyscus populations.

We estimated P. maniculatus abundance and associ-
ated variance for each four-day trapping interval for
each control and treatment plot by considering the
population closed within each season (Otis et al. 1978)
using Program MARK (White and Burnham 1999).
Population abundance was estimated using the jackknife
estimator (Model M,; Otis et al. 1978), which incorpo-
rates individual heterogeneity into capture probabilities.
Estimates were analyzed using generalized linear mixed
models for count data (i.e., Poisson regression; PROC
GLIMMIX [SAS Institute 2003]) in a repeated-measures
framework where treatment, season, and year were fixed
factors.

We used a multistate mark-recapture approach
(Schwarz et al. 1993) to estimate the influence of
Urophora food subsidy removal on the survival and
movement of P. maniculatus. Each four-day trapping
period was collapsed to a single capture event (15 total
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gall flies Urophora spp. on untreated control and herbicide-
treated plots from 1999 to 2002. Urophora abundance was not
estimated in 2003, because Urophora produced in 2003 provide
food for mice beginning in fall 2003, after the study ended.
Pretreatment sampling periods are shaded in gray.

capture events; spring, summer, fall, 1999-2003). For
each event, we assigned each animal to control or
treatment based on where it was captured most during
the four-day period. Animals captured an equal number
of times on both sides of the treatment boundary within
a four-day period were removed from the analysis (2%
of total individuals), resulting in 1312 individuals used in
the analysis. Capture histories were then tallied across
the 15 capture intervals. Survival (S) was estimated by
partitioning apparent survival (¢) from the probability
of movement (/) between treatment and control areas.
For example, survival during time period i in treatment
areas (7) can be described as S! = oI/, where ¢ is the
control. Snap and live trap mortalities were incorporat-
ed into the population modeling to account for animals
removed (White and Burnham 1999). Because there
were no estimable differences between C. maculosa,
Urophora food subsidies, or mice on control and
treatment plots prior to treatment (Figs. 1, 2, 4), and
treatments were randomly assigned, we pooled pretreat-
ment plots to reduce the number of parameters
estimated. Treatment was considered to first potentially
influence survival and movement during winter 2000—
2001, because Urophora produced in the summer
provide food for mice beginning in fall (Pearson et al.
2000).

We used a modified step-down approach to develop
the most parsimonious model for explaining survival
and movement of P. maniculatus (Lebreton et al. 1992,
Tallmon et al. 2003). We began with a global model that
included treatment, season, year, and their interactions
(trt X seas X year) for each parameter. We first varied the
parameter of least interest, the capture probability, p,
comparing the global model to reduced models. Next,
we varied movement, and finally survival. In each step,
we removed year, then season, and then treatment to
reflect our a priori expectations (as described above). We
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tested the fit of the global model by estimating the
overdispersion parameter, ¢, using the median ¢
procedure in MARK. Models were compared using
AIC, (AIC, adjusted for sample size) and AIC, model
weights (likelihood of a model relative to other models
considered [Burnham and Anderson 1998]) in MARK
(Burnham and Anderson 1998, White and Burnham
1999).

We evaluated the response of other demographic and
individual fitness components to Urophora removal,
including sex ratios, reproductive activity, juvenile
recruitment, and body mass, separately using mixed
linear models in PROC MIXED that compared indices
of each population parameter over time with plot as a
random blocking factor and treatment, year, and season
as fixed factors in a repeated-measures framework (SAS
Institute 2003). We combined adults and subadults for
sex ratios and reproduction indices to distinguish
potential breeders from non-breeding juveniles. We
calculated sex ratios as the proportion of adult and
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Fic. 3. Abundance of Peromyscus maniculatus invertebrate

foods captured in pitfalls. Data are pooled from the four orders
that dominate deer mouse stomachs in this area: Orthoptera,
Lepidoptera, Coleoptera, and Arachnida (all four orders
showed a similar pattern). The spike in panel A is due to the
biocontrol agent weevils Larinus spp. dispersing in search of
their host plant C. maculosa that was removed by treatment.
Panel B shows the same data without the biocontrol weevils.
Pretreatment sampling periods are shaded in gray. Abbrevia-
tions are: Sp, spring; Su, summer; Fa, fall.
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Fic. 4. Population estimates (=SE) for P. maniculatus from
spring 1999 through fall 2003 on control plots with Urophora
winter food subsidies present and treatment plots where food
subsidies were removed by herbicide treatment of the host
plant. Treatment occurred in May 2000 but was expected to
first influence mice in spring of 2001 because mice forage on
Urophora over winter. Pretreatment sampling periods are
shaded in gray. Abbreviations are: Sp, spring; Su, summer;
Fa, fall.

subadult males to adult and subadult females. Repro-
ductive activity was defined separately for males and
females as the ratio of reproductively active adults and
subadults to total adults and subadults. Pregnancy rate
was the ratio of visibly pregnant adult and subadult
females to all adult and subadult females. Juvenile
recruitment was the ratio of juveniles to adult and
subadult females. Body mass was indexed only for adult
males using mass at first capture (Pearson et al. 2003).
To identify potential causal mechanisms for the P.
maniculatus response to treatment, we tested for effects
of treatment and year on estimates of vegetation cover,
Urophora density, and relative abundance of other
invertebrate foods. We compared total vegetation cover
by treatment and over time using mixed linear models
(PROC MIXED) with treatment as a fixed factor, plot
as a random blocking factor, and year as a repeated
measure (SAS Institute 1999). Pretreatment total cover
was entered as a covariate to control for initial cover
differences. We compared Urophora density by treat-
ment and over time in the same manner as for total
vegetation cover. To estimate Urophora densities per 0.5
m?, we first estimated C. maculosa percent cover per 0.5
m? over all years based on the linear regression between
C. maculosa cover estimated over 78.5-m> plots (5 m
radius) and nested 0.5-m? plots from 2001-2002 when
both methods were used (R2 =048, F) 5p5=44447, P <
0.001). We then used linear regression to estimate seed
head densities from C. maculosa cover from 0.5-m> plots
from 2001-2002 when these relationships were directly
measured (R? = 0.43, F|_sy6 = 395.86, P < 0.001). Data
were combined from both years for the regressions to
incorporate interannual variation. Urophora densities
were then calculated as y = (mx + b)u; where y =
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Urophora density, m = 1.948, x = C. maculosa percent
cover, b = 6.492, and u = mean Urophora density per
seed head as estimated from seed head dissections for
each station in each year (m is the coefficient and b is the
constant from the regression equation between C.
maculosa cover and seed heads). Abundance of inverte-
brates from pitfalls was compared by treatment and over
time using PROC MIXED with treatment as a fixed
factor, plot as a random blocking factor, and year as a
repeated measure. The four invertebrate orders were
pooled for analyses because patterns were similar among
orders.

REsuLTs
Vegetation, Urophora, and invertebrate response

Total vegetation cover did not differ overall by
treatment (F; s = 1.21, P =0.321), but it did differ over
time (F3,,5="7.20, P=0.003) and over time by treatment
(F5,5 = 54.73, P < 0.016; Fig. 1). The significant
interaction between treatment and year was due to a
reduction in total vegetation cover in 2000 on the
treatment plots that resulted from the removal of C.
maculosa by the herbicide (the only significant treatment
by year contrast was 2000; Fy 4 = 14.31, P < 0.002).
However, grasses compensated by 2001, so that total
cover was comparable on treatment and control plots
relative to pretreatment conditions overall. On herbi-
cide-treated plots, C. maculosa declined from 57.3% to
0.4% cover by 2001 (Fig. 1). Unfortunately, C. maculosa
on control plots declined concurrent with the herbicide
treatment from 57.4% to 20.5% by 2001. The decline in
C. maculosa cover on control plots was negatively
correlated with prior June precipitation over the five-
year period (R* = 0.761, F;3 = 9.576, P = 0.054)
suggesting that acute spring drought conditions caused
this decline; an observation corroborated by other
studies in the region (Ortega et al. 2004, Stanley 2005).
Urophora densities declined in response to drought and
treatment in a manner similar to C. maculosa (Fig. 2).
Urophora densities differed among years (F» 1, = 7.57,
P =0.009) between treatments (I, s = 54.65, P < 0.001)
and between treatments by year (F» 1, =5.66, P=0.022).
Thus, despite the drought, the herbicide treatment
reduced Urophora densities on removal plots to 7% of
that on controls by 2001. Abundance of invertebrates
captured in pitfalls fluctuated similarly over time on
control and removal plots except for a brief spike in
invertebrate abundance on removal plots in the spring
and summer of 2001 (Fig. 3A). This spike resulted from
other C. maculosa biological control agents, knapweed
flower weevils (Larinus spp.), appearing in high numbers
in removal plot pitfalls as they emerged in spring and
summer without host plants. Excluding the weevils,
invertebrate abundance differed by year (F33,=16.29, P
< 0.001) and by season (F, 67 = 13.88, P < 0.001) , but
not by treatment (F} o4 = 0.44, P =0.511), treatment by
year (F33; = 0.32, P = 0.807), or treatment by season
(Fh67=0.23, P=0.793; Fig. 3B).
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Estimates (mean *= SE) of P. maniculatus demographic and fitness parameters for control plots vs. treatment plots

where Urophora and C. maculosa were removed. Pretreatment sampling periods are shaded in gray. Abbreviations are: Sp, spring;

Su, summer; Fa, fall.

been linked to an increase in P. maniculatus predation
on native plant seeds (D. E. Pearson and R. M.
Callaway, unpublished data) and an increase in Sin
Nombre virus, the etiologic agent for hantavirus
pulmonary syndrome in humans (Pearson and Callaway
2006). As a result, C. maculosa invasions are now more
problematic than before Urophora were introduced for
biological control.

In an effort to alleviate these impacts, we applied a
broadleaf herbicide to kill C. maculosa and remove the

exotic Urophora food resource. The herbicide treatments
reduced P. maniculatus populations by nearly 50% on
treatment relative to control plots for >2.5 years
following treatment. This outcome was consistent with
expectations based on prior research. Previous studies
showed that P. maniculatus populations were on average
approximately two times more abundant in C. maculosa-
invaded habitats than comparable native habitats
independent of local mouse densities (Ortega et al.
2004, Pearson and Callaway 2006). This suggests that
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the 50% decline in mouse populations we observed on
treatment plots approximates natural mouse densities
for our study areas, i.e., the treatment successfully
restored mouse populations to natural densities. We
expect this reduction in mouse populations should
translate to a reduction in exotic impacts that are
transmitted as indirect effects through mice (Pearson
and Callaway 2003). For example, although we did not
measure Sin Nombre virus levels in P. maniculatus
populations in this study; prior work indicates this is
primarily a density-driven response that should dissipate
as mouse density normalizes (Pearson and Callaway
2006).

Potential causes for treatment response

Although in this study the treatment restored P.
maniculatus populations to normal levels as intended,
simply documenting this success does not ensure the
repeatability of this outcome. To achieve consistent
results with a management tool, it is necessary to
understand how the tool works. Potential explanations
for the observed response of mice to the treatment
include (1) direct effects of herbicide on mouse
populations, (2) indirect effects of herbicide on mice
through habitat alterations, and (3) indirect effects of
herbicide on mice through changes in food resources.
While we did not test for direct effects of herbicide on
mouse populations, studies examining herbicide effects
on P. maniculatus populations have found no evidence
for direct impacts on survival, reproduction, recruitment
or growth in this species (Sullivan and Sullivan 1981,
Sullivan 1990, Sullivan et al. 1998).

As with many management actions, herbicides can
affect small-mammal populations by altering the vege-
tation that provides their habitat. Small mammals often
respond to herbicide-induced reductions in vegetation
cover in proportion to the vegetation response and in a
direction consistent with their habitat needs (see Sullivan
et al. 1998 and discussions therein). P. maniculatus
generally respond positively to disturbance (Pearson
1999), and these mice increase following disturbances
that reduce vegetative cover in western grasslands
(Grant et al. 1982, Rosenstock 1996). In this study,
total vegetation cover on treatment plots decreased
somewhat following treatment in 2000, but mice showed
no response to treatment during this year (Figs. 1 and 4).
Although total vegetative cover did not differ signifi-
cantly after 2000, it tended to be lower on the treatment
following the herbicide-induced disturbance. If P.
maniculatus response following treatment was due to
changes in vegetation cover, we would expect that
mouse populations should either increase or remain
stable on treatment plots, but mice declined instead.
Moreover, P. maniculatus abundance showed no re-
sponse to specific cover classes except in spring when it
was positively associated with C. maculosa. The fact that
this positive association with C. maculosa occurred only
in spring, a period of high Urophora foraging, and not in
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summer, when Urophora are absent from C. maculosa,
or early fall, when mouse foraging on Urophora is just
beginning, suggests this response is driven by the
Urophora food resource and not the plant as a habitat
feature. Although habitat changes could potentially
affect P. maniculatus survival by interfering with mouse
predators, there is little evidence for this sort of
interaction. A large-scale, replicated study excluding
avian and mammalian predators in nearby grasslands
shows no indication that P. maniculatus populations are
suppressed by predation after four years of predator
exclusion (J. L. Maron and D. E. Pearson, unpublished
data). A similar study in the northeastern United States
has shown no population release in the congeneric
Peromyscus leucopus following predator exclusion
(Yunger 2004). Thus, changes in vegetation are unlikely
to have released mice from predation effects and mice
showed little response to general vegetation changes
associated with treatment.

Although, P. maniculatus populations may not be
predator limited, this species does respond positively to
experimental food addition (Gilbert and Krebs 1981,
Taitt 1981, Morrison and Hall 1998), and Peromyscus
populations are elevated by environmental conditions
that increase food resources (Jones et al. 1998, Yates et
al. 2002). In this system, P. maniculatus eat seeds when
available, but invertebrate prey dominate their diet for
most of the year (Johnson 1961, Pearson et al. 2000).
Forbs that produce the larger seeds consumed by mice in
this system (e.g., Balsamorhiza sagittata, Lupinus spp.,
and Lithospermum spp.) were negligible on our study
sites (<5% of total vegetation), and the treatment did
not alter abundance of invertebrates other than Uro-
phora (Figs. 2 and 3). Habitat studies show that P.
maniculatus select strongly for C. maculosa when
actively feeding on larvae but actually avoid the plant
when larvae are absent (Pearson et al. 2000, Ortega et al.
2004). Observational studies also indicate that P.
maniculatus are more abundant in C. maculosa invaded
grasslands, but only when Urophora are abundant
(Ortega et al. 2004, Pearson and Callaway 2006). These
studies suggest that P. maniculatus associates with C.
maculosa only to forage on Urophora larvae. Thus,
although we could not completely isolate the Urophora
effect on mice from other potential effects of herbicide,
the treatment-induced decline in the Urophora food
resource offers the most parsimonious explanation for
the observed decline in P. maniculatus populations.
These results suggest that P. maniculatus are food-
limited in this system and that the exotic biocontrol
agents provide a superabundant food resource that
elevates their populations. Herbicide applications ap-
peared to reduce P. maniculatus populations by reducing
the exotic food resource, but the overall importance of
this treatment depends on whether the underlying
population mechanisms involve in situ changes in
reproduction or survival or local redistribution of mice
through changes in immigration and emigration.



