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Invasion during Extreme Weather

Success and Failure in a Temperate Perennial Grassland

James C. Han and Stephen L. Young

ABSTRACT—Invasive and native plant species compete for resources in similar pools, with disturbances often favoring the invad-
er. Yet, increased climate variability may be shifting the competitive edge back toward the natives. We conducted field studies in
perennial grasslands to determine the effects of clipping and drought on resource availability (light and moisture) and subsequent
establishment of Carduus nutans. We measured light penetration and soil moisture content in C. nutans monoculture, clipped
and nonclipped grassland with C. nutans, and bare ground control plots. We also tracked phenology of the invader and grasses.
Our studies revealed that light was a limiting resource in normal precipitation years; removing biomass (e.g., clipped grassland
plots) allowed C. nutans to successfully establish, while not removing biomass (e.g., nonclipped grassland plots) resulted in pre-
mature death. Similarly, soil moisture was a limiting resource when light was abundant; a lack of precipitation in the second year
reduced grass growth, which opened the canopy and allowed adequate light for C. nutans seedlings that also died prematurely
under extremely low soil moisture levels. We found that C. nutans was unable to compensate for the low light and soil moisture
in offsetting, yet consecutive seasons and failed to establish in a nonclipped grassland. The emergence of C. nutans in a temper-
ate perennial grassland is not a sure sign of success. If left undisturbed, C. nutans seedlings may eventually die without having a
significant impact on grasses.

Key Words: Carduus nutans, climate change, clipping, drought tolerance, extreme weather events, fitness, grazing, invasion resis-

tance, musk thistle, plant plasticity, resource competition

Introduction

Invasive plant species in grasslands of temperate regions
have modified biotic communities and altered natural
cycles with increasing frequency (Charles and Dukes
2007). In order to prevent negative impacts from inva-
sive plant species, the focus of many restoration efforts
has been on the creation of diverse grassland communi-
ties that provide a barrier against invasion (Berlinger and
Knapp 1991; Bottoms and Whitson 1998). This approach
provides a good base for understanding competition for
resources by native and invasive plant species, including
those in temperate regions (Pokorny et al. 2005). Ac-
cess to available resources is important for invasive plant
species (Thomas et al. 2002; Maron and Marler 2007).
Moreover, spatiotemporal resource acquisition by native
and invasive plant species is considered to be a key factor
in invasion success (Zavaleta and Hulvey 2007).
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Invasive plant establishment is often due to niches in
plant communities that are created by variations in phe-
nologies and traits (Godoy and Levine 2014; MacDou-
gall et al. 2009). Wolkovich and Cleland (2010) argue
that many invasive plants adapt quickly to changes in
the environment through altered phenology (i.e., plas-
ticity), thus making them better competitors for limited
resources in niches (Hooper and Dukes 2010, Fargione
and Tilman 2005). Over time, the change in phenolo-
gy could be considered a fitness advantage that allows
for invasive plants to become established and eventu-
ally dominate resident plant species (MacDougall et al.
2009; Chesson 2000).

In grasslands, a well-established perennial grass
community can preempt belowground space by ex-
tending roots (Blank and Morgan 2012) and depleting
resources to the detriment of the invader (Milbau et al.
2005). However, disturbance can reduce resistance by
a perennial grassland community as openings in the
canopy create niches that allow invasive plant species
to establish (Feldman et al. 1968). Overgrazing is a dis-
turbance that can lead to invasive plants establishing
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in openings, which fail to fill in with new vegetation
(Leininger 1988; Beck 1999).

Invasive plants that successfully establish, initially
may avoid direct competition with residents by access-
ing excess or incompletely used resources (Elton 1958;
Hierro et al. 2011). Yellow starthistle (Centaurea solsti-
tialis), an invasive plant with similar characteristics as
Carduus nutans, used water and light during phenolog-
ical stages that functionally matched the target grassland
plant community (Young et al. 2011). In this case, even
an increase in available soil water during the vegetative
stage of yellow starthistle was not enough to overcome
the lack of light transmission through the dense canopy
of the grasses. With overlapping resource use patterns
and adequate biomass and cover, harsh conditions (e.g.,
drought) often will favor the established resident plant
community over the invader (Cahill 2003).

Several resources have been studied as possible fac-
tors contributing to invasion, including moisture, light,
and nutrients (e.g., Hovick et al. 2011; Throop et al. 2012;
Novoa et al. 2014). Light availability, which is a function
of leaf area, influences the success of invasive plant spe-
cies (Reinhart et al. 2006; Thomsen and D’Antonio 2007;
Young et al. 2011). The manipulation of light, through
either blocking by the resident community or accessing
by the invader, is largely a function of plant growth habit.
Often, those species that grow taller or bushier and at a
faster rate will be more successful in outcompeting neigh-
boring plant species. In arid and temperate regions, soil
moisture contributes to successful invasion, especially
if the invader germinates earlier in the growing season
(Davis and Pelsor 2001; Larson et al. 2001). Sheley et al.
(1999) found Centaurea diffusa produces less seed when
itis mowed compared with producing seed after mowing
when soil moisture is adequate or replenished.

A short-lived biennial, C. nutans was introduced into
the United States from Eurasia and now commonly oc-
curs in the Midwest (Kok 2001). Carduus nutans begins
as a rosette that develops extensive roots and then after
bolting and flowering, senesces by flowering (~1,000 ca-
pitulum/plant) and dispersing seed prolifically (>20,000
seeds/plant) (Roeth et al. 2003). On range and pasture-
land, C. nutans competes with desirable forage and its
sharp spines can deter livestock and wildlife from graz-
ing (Hull and Evans 1973; Desrochers et al. 1988; Beck
1999). At low densities, C. nutans may reduce produc-
tion of desirable plants (Reece and Wilson 1983; Sindel
1991). Perennial grass production in Nebraska increased
about 212% following chemical control of C. nutans (Re-
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ece and Wilson 1983). Dense infestations of the plant
discourage animals from occupying infested areas (Rees
1991). Feldman et al. (1968) report greater C. nutans es-
tablishment in less vegetated habitats, which is in part
due to a high level of irradiance (Wardle et al. 1992).

The Midwest is not immune to the effects of climate
change, including extreme weather events and the threat
of invasive species, like C. nutans. However, the concern
with regard to increasing challenges for managing prai-
rie grasslands could be unfounded in the future. Human
efforts to actively control and contain invasive species
have in the past been justified due to their seemingly
rapid advancement, but as we enter into a new era of
climate uncertainty, earlier springs, later falls, rising at-
mospheric CO , and drought during years of normal an-
nual precipitation will amplify what little we know about
invasive species and the plasticity they exhibit that leads
to life or in some cases death, as first described by Young
(2015) and now here.

For two years, we studied C. nutans during normal
(2011) and extremely low (2012) annual precipitation.
Our goal was to determine the survivability of C. nutans
in grasslands that had niches with resources that were
available in offsetting, yet consecutive, seasons. We used
(1) introduction or no introduction of C. nutans and (2)
clipped or nonclipped perennial grasslands as factors
with which we compared the spatiotemporal changes
in light and soil moisture for C. nutans invasion during
discreet phenological stages.

Materials and Methods
Experimental Design

Our study was conducted in the mixed-grass prairie
region of central Nebraska, where average annual pre-
cipitation is 508 mm of which 80% occurs from late
April to mid-October. The total seasonal precipitation
was 513 mm in 2011 and 113 mm in 2012, which was 3%
higher and 77% lower, respectively, than the historical
average. The dominant and uniformly distributed soil
type was Cozad silt loam (fine-silty, mixed, mesic Flu-
ventic haplustoll).

Our site was located in an area with a diversity of
warm-season perennial grasses that included Panicum
virgatum, Andropogon gerardii Vitman, Schizachyrium
scoparium (Michx.) Nash, Andropogon hallii Hack.,
Sorghastrum nutans (L.) Nash, Bouteloua curtipendula
(Michx.) Torr., Desmanthus illinoensis (Michx.) Mac-
Mill. ex B. L. Rob. & Fernald, Dalea purpurea Vent., and
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Lupinus perennis L. Due to the limited size of the area
(300 m?) for our study and the need to uniformly apply
clipping treatments and collect data with minimal dis-
turbance, our experimental design followed a split-plot
within a strip layout, according to Steel et al. (1997). We
established three 18 x 5 m strips side by side, 0.3 m apart
in an east-west direction. One strip was kept free of veg-
etation by cultivating and hand weeding (bare ground),
while grasslands remained in the other two strips. For
the two grassland strips, we clipped one and left the oth-
er one nonclipped. A total of 24 split-plots or plots (5 m
x 2 m) were established in replicates of four on April 11,
2011. Within each strip, we randomly selected half the
plots to be either planted (4) or not planted (4) with C.
nutans seeds. We clipped, did not clip, or left bare any
remaining area within respective strips.

Plant Phenology and
Carduus nutans Populations

The factors in our study were (1) C. nutans and (2)
clipping during years of normal (2011) and extremely
low (2012) annual precipitation. Treatments included
introduced C. nutans (IC) or no introduction of C. nu-
tans (NC) in the first year (2011) and clipped (CL) or
nonclipped (NCL) perennial grass in both years (2011
and 2012). We carried out the study by measuring (1)
survival (density), cover, aboveground biomass, plant
basal diameter, number of branches and leaves, and
height of C. nutans, (2) light transmission, and (3) soil
moisture content at shallow and deep depths in C. nu-
tans monoculture and both clipped and nonclipped
grassland plots. For survival and cover of C. nutans, we
applied the IC treatment to half of the clipped (CL-IC)
and nonclipped (NCL-IC) grassland and bare ground
(BG-IC) plots, which became C. nutans monocultures.

We administered clipping treatments at 10 cm above
the ground using a rotary mower, electrical hedge trim-
mers, and minor amounts of hand weeding. We re-
moved the grass residue from the strips immediately. In
2011 we clipped the grass strips approximately every two
weeks (five times) beginning on June 1, which coincided
with C. nutans rosette growth stage. In 2012 we applied
a single clipping treatment to the grasses on May 28,
with no further clipping for the remainder of the season
due to little growth from the severe drought conditions.
We avoided clipping C. nutans in order to more closely
match natural conditions and also to maintain compet-
itive ability.
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On April 28, 2011, we planted 140 C. nutans seed into
individual 5 m x 2 m plots in the strips of perennial
grasses (clipped and nonclipped) and bare ground. A
preliminary germination test indicated seed viability
was near 30% for the collection (data not shown). In
perennial grass and bare ground plots, three C. nutans
seeds were hand planted at a point 0.5 cm below the
soil surface. Points were equidistant from neighboring
planting points. Seedlings emerged approximately one
month after planting. We recorded the survival of C. nu-
tans each month by counting plants in each plot and
converting to plants per square meter. We placed small
nylon bags on all flower heads in 2011 to prevent new
seeds from being dispersed back into the plots. In the
second year (2012), we recorded only newly emerged C.
nutans plants, similar to 2011. No new seeds were plant-
ed in the second year. On a weekly basis, we recorded
the phenology of the perennial grasses and C. nutans,
along with detailed plant measurements for C. nutans
(e.g., basal diameter, plant height, leaves per plant, and
number of branches per plant) over the two seasons. We
collected biomass of C. nutans in perennial grassland
and BG-IC plots in the second year before the cessation
of C. nutans growth.

We measured cover of C. nutans in BG-IC, CL-IC,
and NCL-IC plots monthly from May to October in
2011 and May to August in 2012. Measurements were
conducted within permanent o0.25 m* quadrats located
randomly in each plot. We estimated cover visually to
within 1% up to 10% and thereafter to the nearest 5%
(10%-100% cover).

Spatiotemporal Changes in Light

We measured light transmission in grassland and BG-
IC plots during the growing seasons of 2011 and 2012.
Measurements were conducted during the noon hour
when the sky was clear. One measurement was taken
once above the canopy and four times below. Photosyn-
thetically active radiation (PAR) was measured using
a ceptometer (AccuPAR LP-80; Decagon Devices Inc.,
Pullman, WA, USA). The ceptometer sensor arm (80
cm long) was inserted on the soil surface below the
canopy at four separate locations within each plot. The
average of the readings was compared with PAR values
of full sunlight above the canopy. Data was presented
as the percentage of maximum light penetrating to the
soil surface.
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TABLE 1. Phenology of perennial grasses and Carduus nutans in the Midwest.

Carduus nutans Grasses
BG-IC CL-IC NCL-IC CL-NC NCL-NC
Year Date Majority Minority All All All All

2011 May 25 Emergence Emergence Emergence Emergence Dormancy Dormancy
2011 June 1 Rosette Rosette Rosette Emergence Vegetative Vegetative
2011 Aug. 5 Rosette Flower Rosette Died Inflorescence  Inflorescence
2011 Sep. 24 Rosette Senescence Rosette Dormancy Rosette

2011 Oct.1 Dormancy Died Dormancy Dormancy Dormancy
2012 Mar. 31 Rosette Rosette Dormancy Dormancy
2012 Apr. 20 Bolt Bolt Emergence Vegetative Vegetative
2012 May 25 Flower Flower Emergence Vegetative Vegetative
2012 June 17 Flower Flower Emergence Inflorescence  Inflorescence
2012 July 4 Senescence Senescence Died Inflorescence Inflorescence
2012 July 8 Senescence Senescence Dormancy Dormancy

Notes: Carduus nutans growth stages are rosette, bolting, flowering, dormancy, and senescence. Perennial grass growth stages are vegetative, inflorescence, and dormancy.

BG-IC = bare ground with C. nutans introduced, CL-IC = clipped grasslands with C. nutans introduced, NCL-IC = nonclipped grasslands with C. nutans introduced,

CL-NC = clipped grasslands without C. nutans introduced, and NCL-NC = nonclipped grasslands without C. nutans introduced. Majority indicates 85% of established C.

nutans in the BG-IC plots and minority is the remaining 15% of C. nutans in the same plots.

Spatiotemporal Changes in Soil Moisture

We measured shallow soil water moisture in CL-NC,
NCL-NC, BG-NC, and BG-IC throughout the growing
season using a soil moisture sensor (EC-5; Decagon
Devices, Inc., Pullman, WA, USA) that was vertically in-
serted 8 cm below the soil surface of each plot. Measure-
ments were recorded hourly and averaged over a 24-hr
period. We used a hydroprobe (503DR, CPN, Martinez,
CA, USA) to take monthly measurements of deep soil
water content at depths of 30, 60, 90, and 120 cm. We
installed an access tube in the center of the same plots
that were used for measuring shallow moisture. We cali-
brated the hydroprobe before taking measurements and
converted the values to volumetric soil water content
(Evett and Steiner 1995).

Statistical Analysis

We tested homogeneity and normality before the analy-
sis of variance and data were log-transformed. We used
a mixed-model repeated-measures analysis of variance
to compare the effects of year and clipping on the num-
ber of C. nutans plants m= (density) or C. nutans cover
for BG-IC, CL-IC, and NCL-IC treatments. Fixed fac-

tors in the model included year (2011 and 2012), clipped
(CL) or not (NCL), introduced C. nutans (IC) or not
(NC), block effect, and all possible interactions. We
used only block effect in the model for cover analysis
and not for light transmission, which was an average
ratio generated by multiple readings from the ceptom-
eter in each plot, or density, which was based on plants
per plot. Our previous studies on this experimental area
show that block effect is not significant (Han and Young
2014a, 2014b). Subsequently, the model for analyzing
cover also showed no significant effect from blocks.

We analyzed the light transmission ratio using the
same approach as for comparing the effects of year and
clipping on survival and cover, except CL-NC and NCL-
NC treatments were included. Hurlbert (1984) suggest-
ed the use of data from repeated sampling is acceptable
for statistical analyses only if successive dates are not
considered independent replicates. We determined the
differences among response of C. nutans to clipped (CL)
and nonclipped (NCL) treatments by comparing the
least-square means.

We compared biomass of sampled C. nutans plants
across treatments (P < 0.05). To assess the survivabil-
ity of C. nutans, we used Tukey’s HSD to test for dif-
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2011
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Figure 1. Number of Carduus nutans plants per m? in C. nutans monocultures (BG-1C = bare ground introduced C. nutans) and grasslands (CL-IC
= clipped with the introduction of C. nutans; NCL-IC = nonclipped with the introduction of C. nutans) in 2011 and 2012. The error bars indicate

standard errors of means.

ferences in mean values for C. nutans basal diameter,
plant height, branches per plant, and leaves per plant in
C. nutans monoculture (BG-IC), clipped (CL-IC), and
nonclipped (NCL-IC) treatments. We used the monthly
periods for analysis and the stages were early, mid-, and
late rosette, bolting, and early and late flowering. All sta-
tistical analyses were conducted using SAS version 9.3
(SAS Institute, North Carolina).

Results

Plant Phenology and
Carduus nutans Populations

In May 2011 the emergence of C. nutans from seed be-
gan, which was two months before the grasses came
out of dormancy. Both plant types remained vegetative
through midsummer, except for C. nutans in the NCL-
IC plots, which grew slowly for one month and then
died (Table 1). Seedlings of C. nutans in CL-IC and BG-
IC developed into rosettes and from June to September
remained vegetative before normal dormancy in late
fall. Grasses were vegetative from June through mid-
August with inflorescence in September and dormancy
in late October. In the BG-IC plots, three out of 20 C.

nutans plants progressed to full maturity (bolting, flow-
ering, seed dispersal) the first year.

By the end of April 2012, C. nutans rosettes had
emerged from dormancy and were beginning to bolt
(Table 1), while grasses were in the vegetative stage. Ma-
ture C. nutans plants flowered from May to August and
were tallest in BG-IC (176 cm, P < 0.05) and CL-IC (158
cm, P < 0.05) plots. The grasses had started the inflores-
cence stage in late June, which was two months earlier
than the previous year and likely the result of the ex-
treme drought conditions.

Newly germinating C. nutans seedlings were ob-
served in all IC plots in the second season (Fig. 1). A
few C. nutans seedlings in the nonclipped grass plots
(NG-IC) grew, but eventually died without producing
capitula (Table 2) (see Young 2015).

In July 2011 precipitation was above normal and the
maximum average number of C. nutans that established
was greater than 5 plants m™in the CL-IC plots (Fig. 1). In
April 2012 the highest number of new C. nutans seedlings
occurred in the BG-IC plots, but all seedling populations
declined to zero by July (NCL-IC) or less than one by
August (BG-IC, CL-IC). The decline in older C. nutans
(nonseedlings) in year 2 was due to the drought condi-
tions that caused one or two to mature sooner (Fig. 1).
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Figure 2. Mean percentage of cover of Carduus nutans in C. nutans monocultures (BG-IC = bare ground introduced C. nutans) and grasslands
(CL-IC = clipped with the introduction of C. nutans; NCL-IC = nonclipped with the introduction of C. nutans) in 2011 and 2012. The error bars
indicate standard errors of means.
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Figure 3. Aboveground biomass of Carduus nutans plants in C. nutans monocultures (BG-IC = bare ground introduction of C. nutans)
and grasslands (CL-IC = clipped with the introduction of C. nutans; NCL-IC = nonclipped with the introduction of C. nutans). The error
bars indicate standard errors of means.
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TABLE 2. For each phenological stage and parameter, By the end of 2011, C. nutans rosette leaf cover had
the statistical difference between treatments expanded across nearly the entire BG-IC plots and over
(n = 4) denoted by a letter (p < 0.05) using 40% of the CL-IC plots (Fig. 2), which was also reflected
Tukey’s HSD test. in the basal diameters (59 cm, P < 0.05 for CL-IC and
Growth Date BG-IC CL-IC | NCL-IC 106 cm, P < 0.05 for BG—IC) (Table 2). Early in 2012, C.
stage and nutans cover began to decline as plants matured under
timing the increasingly intense drought conditions. The CL-IC
Basal diameter (cm) plots had less than half the cover of C. nutans as BG-
Rosette, early June 22,201 26 b b .IC in May and July 2012. By August, C. n.utans cover
in the two treatments was near zero. During the two
June 29,2011 38a 15b ub years, cover of C. nutans was never measured after July
Rosette, mid ~ June 11, 2011 65a 21b 14¢ in NCL-IC because no plants remained.
The growth of C. nutans plants varied depending on
Aug. 5, 2011 71a 19b oc .
the type of vegetation present (e.g., C. nutans or grasses)
Rosette, late  Sept. 24,2011 98a 48b oc and whether the grasses were clipped (Fig. 3). The bio-
Oct. 23,2011 1062 59b oc mass of C. nutans in the bare ground plots (BG-IC) was
greater than in the CL-IC and NCL-IC plots (P < 0.0001).
Rosette, early March 23,2012  46a 34b oc

The difference in biomass was also reflected in height,
Bolt April 21,2012 93a 71b 10¢ with taller plants in the BG-IC when compared to NCL-

Flower, early May 22,2012 81a 22 36b IC plots (see Table 2), indicating that grass competition
may have had an effect on the growth of C. nutans.
Flower, late  June 27, 2012 48a 24b 1c
Height . P
cight (cm) Spatiotemporal Changes in Light
Bolt April 21, b . .
© pritzl 2om 578 # o In 2011 clipped grassland plots with C. nutans (CL-IC)
Flower, early  May 22,2012 1592 1432 32b had similar light transmission compared to clipped
Flower, late ~ June 27,2012 176a 158b 28¢ grassland plots with no C. nutans (CL-NC) (P = 0.088),

but by 2012 significantly less light was being transmitted
in the CL-NC plots (P < 0.0001) (Fig. 4). In all grassland
Rosette, early June 22,201 9a 6b 5b plots, light transmission was greater by July and August
of 2012 during the drought than for the same months in

Leaves plant™

June 29, 2011 12a 7b 5C
2011 (P = 0.0024) (Fig. 4). By June 2011, the nonclipped

grassland plots (NCL-IC, NCL-NC) had almost com-
Aug. 5, 2011 48 13b oc plete canopy cover that lowered full sunlight reaching
the soil surface to less than 2% (Fig. 4). During the same

Rosette, mid  July 11, 2011 252 11a 6b

Rosette, late ~ Sept. 24, 2011 88a 26b oc
period, the clipped grassland (CL-IC, CL-NC) plots had
Oct 23,201 1043 32b o 35% of full sunlight reaching the soil surface (P < 0.0001).
Branches plant” In May 2012, light transmission was less than 16%
Flower, carly May 22,2012 7a b oc in BG-IC (P = 0.02) and CL-IC (P = 0.04) plots, as C.
nutans plants had increased in size and subsequently

Flower, late June 27, 2012 8a 3b oc

covered much of the area of each plot (see Fig. 2). Later

Note: Phenological stages (rosette, bolt, flower) of Carduus nutans introduced in 2012, hght transmission increased in these plOtS as C.
into bare ground (BG-IC) and either clipped (CL-IC) or nonclipped (NCL-IC)

perennial grasslands.

nutans plants began to flower and senesce. The interac-
tion among the factors of clipping and adding C. nutans
and year on light transmission was significant (F, =
20.91; P < 0.0001).
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Spatiotemporal Changes in

Ly 7 Mg SR e Soil Moisture
80 1 % In April 2011 surface soil moisture was >
- % 0.18 m* m~ in bare ground without (BG-
% NC) and with (BG-IC) C. nutans. Surface
wd U 7 soil moisture in clipped and nonclipped
7 / grassland plots (CL-NC, NCL-NC) de-
201 % ’ % clined rapidly from 0.26 m* m™ in July
" / 4 to 0.13 m® m~ in September (Fig. 5). The
100 | June 2011 June 2012 severe drought in 2012 caused surface
;‘ soil moisture to decline from greater
80 % than 0.26 m*> m™ in April to 0.12 m* m™
i é T in June and near 0.07 m* m by late Sep-
// ~ tember (Fig. 5). In BG-IC plots, surface
ol V) soil moisture was less than for the other
% > treatments during the months when the
207 % ’ plants were bolting, flowering, and begin-
£ // 7 = 4 ning to set seed. Short rain events in late
< 100 | July 2011 July 2012 June and July briefly increased surface
soil moisture.
80 In July 2011, deep (>30 cm) soil water

60 - content was similar for BG-IC, BG-NC,
CL-NC, and NCL-NC (Fig. 6). A month
40 later, the nonclipped grassland (NCL-NC)
plots had the least soil water content at
2 depths deeper than 30 cm (0.085 m* m-
- 3), while clipped grasses (CL-NC) and C.
100 August 2011 August 2012 nutans (BG-IC) had similar deep soil wa-
ter content. In June 2012, BG-IC plots had
the least deep soil water content (0.08 m?
m™), but for July and August, deep soil wa-
ter content was similar for all treatments
(Fig. 6).

Discussion

Following planting in the first year, C.
nutans successfully established in bare
ground (BG-IC) and warm-season pe-

Figure 4. Percentage oflight.transmitted to the soil surface in Carduus nutans monoc‘ul- rennial grasslands that had been dis-
tures (BG-IC = bare ground introduced C. nutans) and grasslands (CL-IC = clipped with L

the introduction of C. nutans, CL-NC = clipped without the introduction of C. nutans, turbed by clipping (CL-IC). The act of
NCL-IC = nonclipped with the introduction of C. nutans, and NCL-NC = nonclipped Overseeding an invasive plant species
without the introduction of C. nutans) in 2011 and 2012. The error bars indicate standard  could be viewed as a type of invasion

errors of means. and thus corresponds with other studies

that report greater C. nutans survival and
development in open or overgrazed pas-
tures and rangelands (Hamrick and Janet
1987; Beck 2001). Similar to actual graz-
ing, the clipping that we administered in
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Figure 5. Average daily surface (0-8 cm) soil moisture reported biweekly in 2011 and 2012. BG-NC = bare ground without introduced Carduus
nutans, BG-1C = bare ground with introduced Carduus nutans, CL-NC = clipped grasslands without the introduction of C. nutans, and NCL-NC =
nonclipped grasslands without the introduction of C. nutans. The error bars indicate standard errors of means.

our study created openings or niches in the perennial
grass canopy, which allowed more light to reach the soil
surface based on the cover data shown in Figure 2. This
benefited initial C. nutans establishment and eventually
allowed for plants to reach full maturity in the second
year.

Biomass of C. nutans was greatest in the C. nutans
monoculture (BG-IC) plots, which we suspect was due
to fewer plants and lack of interspecific competition. Al-
though C. nutans biomass was lower in clipped grass-
lands (CL-IC) compared to BG-IC plots, the plants were
well established among the grasses. Kok et al. (1986) re-
port high intraspecific mortality can occur in the early
seedling stage of C. nutans, but this self-thinning char-
acteristic may be less of a factor in the overall establish-
ment due to rapid and large growth habit that includes
along rosette stage, thus eliminating the need for exces-
sive seedlings to emerge at one time. In addition, Smith
and Shea (2010) and Zhang and Shea (2012) related in-
creasing levels of disturbance (e.g., tillage, mowing, or
hand weeding) to the successful establishment of C. nu-
tans, which supports our findings that clipping can fa-
cilitate the establishment of C. nutans in warm-season
perennial grasses.

In order to preempt available light and avoid shade
by regrowth of perennial grasses, C. nutans rosettes pro-

duced leaf area more quickly in BG-IC and CL-IC plots,
which relates to current invasion theories (e.g., superior
competitor, niche resources) to make the resources less
available (see Craine 2005 and others). Moreover, we
observed C. nutans plants in the CL-IC plots projecting
their leaves directly into vacant areas early in the season
before perennial grass growth (Han, personal observa-
tion). Bazzaz (1996) has suggested greater plant plas-
ticity and leaf acclimation can occur during alternating
intensities and exposures to light. From our results
and those of others (e.g., Wardle et al. 1992; Renz and
Schmidt 2012; Sanderson et al. 2012), it is evident that
C. nutans invasion success is highly dependent on ac-
cess to light within a stand of perennial grasses. It could
be that the plasticity in C. nutans growth is accentuat-
ed when gap size within perennial grasses varies widely
from clipping disturbances.

For two years, C. nutans plants failed to survive in the
nonclipped warm-season perennial grasses (NCL-IC). In
the first year (2011), most of the C. nutans germinated and
the seedlings began to grow among the established plants
just prior to grass emergence from dormancy and sub-
sequent canopy closure. Once aboveground competition
intensified, C. nutans seedlings were forced to adjust to
rapidly declining light conditions by elongating stems a
short distance. Within the first season, even the appear-
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ance of bolting is atypical of growth that usually occurs by
C. nutans (Wardle et al. 1992; Han and Young 2013). The
plasticity in growth that allowed C. nutans to survive in
the CL-IC plots was inadequate for survival in the NCL-
IC plots. Thus, a trade-off may be occurring in C. nutans
during long periods of low light or darkness whereby
normal rosette development is substituted for stunted,
misshapen seedlings that progress through a modified
bolting stage and result in a single terminal flower bud
that fails to become mature or set seed; a similar phe-
nomenon identified in other invasive plant species (Chun
etal. 2007; Gandiaga et al. 2009; Molina-Montenegro et
al. 2013). In areas where C. nutans is common or has the
potential to invade, a dense and healthy pasture that is
grazed minimally can prevent C. nutans establishment,
primarily from the inability of the invader to tolerate long
periods of shade (Hamrick and Janet 1987).

Plasticity is a change in a plant in response to the en-
vironment, while resource use timing relates to plant life
history; both contribute to successful invasion by C. nu-
tans, but we believe the latter could be a more important
factor. Wardle et al. (1992) studied the response of C. nu-
tans seedlings to pasture canopy and found that preflow-
ering thistle mortality was strongly related to vegetation
type (bare, legume, or grass). In our study, shade from
tall statured perennial grasses contributed to the lack of
early growth of C. nutans (see Han and Young 2014a).
The continuous removal of biomass through clipping
and subsequent opening in the canopy allowed C. nu-
tans rosettes to become established, similar to Smith
and Shea (2010). Surface soil moisture resources, which
were adequate for C. nutans plants to germinate early in
2011 and 2012, were reduced in the perennial grass plots
as the season progressed, most dramatically in the sec-
ond year when drought conditions intensified. Weaver
(1958) and Young et al. (2010) showed perennial grass
roots extend deep in the soil and can access available
water during important aboveground biomass growth
stages. Alternatively, a reduction in perennial grass root
vigor and subsequent lack of development in deep soil
profiles have been correlated to high grazing intensity in
the prairies of Nebraska (Weaver 1950).

The decline in surface soil moisture of the C. nutans
bare ground (BG-IC) plots in 2012 was most likely due to
roots at these shallow soil layers and not soil evaporation,
as cover was near 75%. As plants developed early in the
season, shallow and deep soil moisture content rapidly
declined, beginning in September of the previous year
(deep soil moisture) and then as C. nutans growth in
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2012 proceeded from rosette (March and May) to bolt-
ing (June) and then more gradually as plants senesced
over the remainder of the summer. This same pattern of
rapid soil moisture decline during a short but intensive
change in growth stage (e.g., rosette to bolting) has been
documented for yellow starthistle in California (Young
et al. 2011). The period of declining surface and deep
soil moisture content in C. nutans plots was similar to
CL-NC plots during 2012 when grasses progressed from
vegetative to flowering stages. The overlap in declining
soil moisture content of the grass and C. nutans plots
during periods of relatively quick and intense growth
indicates that a narrow but important period of com-
petition may exist between two functionally different
species. Without disturbance (e.g., repeated clipping)
and enough soil moisture, newly germinating C. nutans
plants are at a competitive disadvantage and will likely
fail to establish in healthy perennial grass stands.

At the beginning of a drought period, C. nutans may
germinate but ultimately fail to survive, most likely due
to lack of soil moisture in the 0-30 cm depths of the
soil. In competitive conditions, whether interspecific
(grasses) or intraspecifc (C. nutans), newly germinated
C. nutans plants may extend roots past the surface layer,
only to encounter dry conditions created by established
plants (perennial grasses, second-year C. nutans) that
grew during the same period. Not surprisingly, the rap-
idly changing conditions that occur with drought caus-
ing a decrease of soil moisture are a significant factor
that contributes to the lack of success of some invasive
plants being able to establish in native plant communi-
ties (Cahill 2003). Had 2011 been a drought year, we sus-
pect soil moisture would have been a more significant
factor limiting the success of C. nutans establishment in
the CL-IC plots in 2012.

Conclusion

In this study, we set up a midwestern perennial grass-
land for invasion by C. nutans and then captured the
process, which was influenced by extreme drought and
eventually ended in survival or death of the invader.
While extensive research has been published on ter-
restrial plant invasion success relating to plant traits
(Kempel et al. 2013), disturbance or stress (Alpert et
al. 2000), functional or species diversity (Shea and
Chesson 2002), and biotic interactions (Mitchell et al.
2006), our study has placed an equal emphasis on C.
nutans failure and success in attempting to establish in
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perennial grassland niches. Kolar and Lodge (2001) and
Theoharides and Dukes (2007) describe the transitions
that nonindigenous plant species must overcome for
the invasion process to continue, including transport,
colonization, establishment, and landscape spread. Our
study demonstrates C. nutans was unable to colonize in
the nonclipped grasslands due to the abiotic filters of
low light and soil moisture, while in the clipped grass-
lands the invader had successfully established and with
additional years and favorable conditions (e.g., contin-
ued disturbance) would probably spread throughout
the landscape.

Drought and shading are effective for preventing C.
nutans from colonizing perennial grasslands of temper-
ate regions. Less well known is the degree to which C.
nutans invading perennial grasslands uses available re-
sources during critical periods, such as the flowering
stage, and/or alters growth to better access limited re-
sources. Similar is the dichotomy between resource ac-
quisition and conservation by invasive and native plants
described in a review by Funk (2013). While the identifi-
cation of a “switch” has yet to be identified that allows C.
nutans to shift between uptake of and growth to resourc-
es, our study shows that plasticity and the availability of
resources contribute to both the success and failure of C.
nutans invading perennial grasslands of the midwestern
United States.
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