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that native cover in treatment plots recovered to simi-
lar levels as uninvaded control plots with sufficient 
rainfall. Plots that received the manual removal treat-
ment had almost five more native plant species than 
the invaded control treatment (22.7 ± 1.63 compared 
to 18.1 ± 1.61). Herbicide applied in spring and fall 
increased efficacy of removals in the first year but 
was not significantly different from the other treat-
ments averaged over year. Herbicide once per year 
was most cost effective across different sized areas. 
Manual removal was also cost effective in small areas 
(< 0.06 hectares) but was more expensive than herbi-
cide twice a year in larger areas. Our results provide a 
toolset that enables managers to select removal treat-
ments based on a balance of convenience, resources, 
and scale of the infestation.

Keywords  Fountain grass · Pennisetum · Cost · 
Efficacy · Native plants · Techniques

Introduction

Invasive species are a leading threat to native plant 
species (Wilcove et  al. 1998) and natural systems 
(Simberloff 2015; Pyšek et  al. 2020). Invasive 
plants displace native plant species by competing 
for resources (Huenneke and Thomson 1995; Gioria 
and Osborne 2014), alter nutrient cycling (Vitousek 
et  al. 1987), and increase the intensity and fre-
quency of fire cycles (D’Antonio and Vitousek 

Abstract  Fountain grass (Pennisetum setaceum) 
is a globally pervasive invasive species and a prime 
example of an escaped horticultural ornamental. 
In areas where it is not naturally found, it displaces 
native plant communities and disrupts ecological sys-
tems and processes. Cost-effective removal efforts 
that protect the native plant community are needed for 
its control. We conducted an experiment from March 
2018 to March 2021 in 5  m × 5  m plots to test the 
efficacy and record costs for common removal tech-
niques (cut and herbicide, herbicide one or two times 
per year, manual removal) in the Sonoran Desert, Ari-
zona, United States. Each treatment took 2.5 years to 
achieve control in the plots, and treatments did not 
negatively affect the native plant community. The 
response of native plants was mediated by year, such 
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1992; Bock and Bock 1992), among other problems. 
The economic cost of biological invasions in the 
United States is estimated at $21 billion per year, 
with $143 million per year spent on management 
(Fantle-Lepczyk et  al. 2002). Horticulture is one 
primary pathway for invasive species introductions 
(Reichard and White 2001), but species have been 
accidentally introduced through crop seed contami-
nated with weed seed (Baker 1986) or from ship 
ballasts (Baker 1986) or intentionally introduced for 
soil stabilization, forage, or other purposes (Belnap 
et al. 2012). The invasive, non-native perennial C4 
bunchgrass species fountain grass (Pennisetum seta‑
ceum (Forssk.) Chiov. or Cenchrus setaceus (For‑
ssk.) Morrone) is an example of a horticultural spe-
cies that has escaped landscaped areas and thrives 
across  dry tropical and subtropical bioclimates 
worldwide. Patterns of invasion in this species are 
driven by anthropogenic factors and annual mean 
temperature (Albuquerque et  al. 2020). It is regu-
lated as a noxious weed in many countries, includ-
ing several states in the U.S. (CABI 2019).

The success of P. setaceum in displacing native 
plants and spreading globally can partially be 
explained by functional traits that confer ecophysi-
ological advantages (Gonzalez-Rodriguez et  al. 
2010). These traits include lower leaf area, which 
reduces transpiration and increases water use effi-
ciency; lower leaf nitrogen, indicating higher nitrogen 
use efficiency; a higher and longer lasting photosys-
tem (PSII, measured by the ratio of variable-to-max-
imal fluorescence, Gonzalez-Rodriguez et  al. 2010); 
high reproductive output (seeds/plant) and potential 
(ovules/plant); fast seed germination; and rapid recov-
ery under disturbance (Goergen and Daehler 2002). 
P. setaceum exhibits substantial phenotypic plasticity 
in response to drought (Williams and Black 1994), 
additional water and nutrient resources (Poulin et al. 
2007; Rahlao et  al. 2010), and across climatic and 
elevational gradients (Williams et  al. 1995; Rahlao 
et  al. 2014). In grasslands dominated by native C3 
grasses, P. setaceum, with its C4 photosynthetic path-
way, can compete through temporal niche partition-
ing by establishing later in the season once compe-
tition from C3 grasses are reduced, a dynamic that 
will likely be reinforced with climate change (Sweet 
and Holt 2015). P. setaceum even outcompetes native 
trees through access to shallow water resources 
(Cordell and Sandquist 2008).

Through the abovementioned mechanisms, P. seta‑
ceum can rapidly establish and spread within an area, 
leading to the accumulation of fuel loads and increase 
in the frequency and severity of wildfire (CABI 
2019). The phenomenon of invasive grasses pro-
moting increased fire cycles and severity is a global 
problem (D’Antonio and Vitousek 1992; Brooks 
et  al. 2004). P. setaceum seeds buried at depths of 
2.5–5 cm can escape the high heat of a fire and estab-
lish because they do not require light for germination 
(Adkins et  al. 2011). In contrast, native plants may 
not readily return after fire, especially in systems that 
are not fire adapted, leading to invasive species domi-
nated systems (D’Antonio and Vitousek 1992; Rahlao 
et al. 2009).

Because of its rapid spread and regrowth, con-
trol of P. setaceum can be difficult. Common con-
trol practices include manual removal and herbicide 
application. In Hawaii, a common practice is to cut 
P. setaceum during the active growth phase and wait 
for the grass to resprout before applying herbicide 
(Cordell et al. 2002). This cut and herbicide approach 
has been compared with bulldozing and cutting alone 
but not to manual removal or herbicide without cut-
ting (Cabin et al. 2002; Thaxton et al. 2012). We were 
interested in comparing the costs, efficacy, and native 
plant community response of common control prac-
tices, including herbicide only compared to cut and 
herbicide, different herbicide application frequencies, 
and manual removal with a pick. We asked the fol-
lowing research questions: (1) Which technique is the 
most effective for controlling P. setaceum and reduc-
ing fuel load over the long-term: manual removal, cut 
and spray, herbicide once a year, or herbicide twice 
per year? (2) Which treatment is most cost effective 
over the long term, considering the number of years 
until control and size of invaded area? (3) Which 
treatments promote native plant community richness 
and cover?

Methods

Study site

The McDowell Sonoran Preserve (henceforth Pre-
serve) encompasses 12,375  ha of Sonoran Desert 
Upland habitat (Brown et  al. 1979) at the north-
eastern edge of the Phoenix metropolitan area in 
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Scottsdale, Arizona, U.S.A. Our study site was in 
Quartz Wash, in the southern region of the Preserve 
(between 33.63120, −111.80801 and 33.63319, 
−111.80692) at elevations between 760 and 766  m 
in recent (< 10,000 years old) alluvial deposits (Skot-
nicki 2016). The soil type is Schist Hills 10″–13″ p.z. 
(R040XA119AZ), part of the Dixileta–Rock Outcrop 
Complex (AZ645), which is a well-drained, grav-
elly sandy loam, with a relatively shallow soil depth 
(USDA NRCS 2021). The plant community is a mix-
ture of Simmondsia chinensis—mixed scrub associa-
tion (154.123) and Ambrosia deltoidea—Parkinsonia 
microphylla—mixed scrub association (154.121) 
(Jones and Hull 2014).

During this study, March 2018–March 2021, the 
lowest monthly mean temperature was 4.3 °C in Feb-
ruary 2019 and a maximum monthly mean tempera-
ture of 40.5 °C in August 2020, and the annual mean 
temperatures ranged from 20.8 to 22.2  °C (PRISM 
Climate Group 2021). Rainfall varied over the course 
of the study with significantly below-average rain-
fall in 2018 and above-average rainfall in 2019 and 
the winter of 2020 (Online Resource 1). The Sono-
ran Desert’s rainy seasons occur in the winter (Octo-
ber–March) and in the summer (June–September) 
with winter rains typically delivering more overall 
precipitation (but see 2018, Online Resource 1).

Study design and treatments

Using a randomized complete block design, we estab-
lished 36 5 m × 5 m plots in an area that was heavily 
invaded with P. setaceum. Thirty of these plots had a 
minimum of 30% P. setaceum cover (ranged from 33 
to 79%) and were used as treatment and invaded con-
trol plots. The remaining six were not invaded with 
P. setaceum and were used as uninvaded controls. 
We grouped the plots into six blocks of five invaded 
plots and one uninvaded plot based on relative posi-
tions within the wash, such that five invaded and one 
uninvaded plots located lowest in the wash were one 
block, the second set of five invaded and one unin-
vaded plots were in a second block, etc. We randomly 
assigned treatments to the invaded plots within each 
block, such that each block contained one of each 
type of the four removal treatments and one unin-
vaded and one invaded control plot for comparison 
purposes.

The four removal treatments were manual removal, 
cut and herbicide, and herbicide application either 
one or two times per year. Manual removal treatments 
were applied by digging up the plant with as much of 
the roots as possible using a Pick Mattock and laying 
the plant over the dug-up area. This method of thatch-
ing plants rather than removing plants from the site 
can suppress seedling growth (Jernigan et  al. 2016). 
For the cut treatment, we used a gas-powered weed 
whacker (Stihl FS56RC) with 10.5 cm plastic blades 
to cut the grasses as close to the ground as possible 
given the uneven terrain, between 20 and 30  cm in 
height, in Spring 2018. Grass cuttings were left in 
place. The goal of the cut treatment was to remove 
inert plant material so that herbicide could be applied 
to the re-growth later in the same year (Cordell et al. 
2002). We did not apply the cut treatment in subse-
quent years because there were few individual plants 
left in the plots. For herbicide treatments, a certified 
herbicide applicator (Pest Management Division, 
Arizona Department of Agriculture) applied a mix-
ture of 3% glyphosate, N-(phosphonomethyl) glycine 
on an active ingredient basis, in the form of its iso-
propylamine salt with 13% surfactant (Roundup Pro, 
Monsanto) with a blue dye (except where noted), 
directly to target plant leaves using a low volume, 
single nozzle sprayer (Matabi Berry 7). We chose 
glyphosate due to its proven effectiveness on P. seta‑
ceum (Voigt and Reicher 2009; Thomas and Taylor 
2021), lower cost (Cordell et al. 2002), and relatively 
fewer negative environmental impacts (Duke 2020). 
We applied herbicide once plants were at least 50% 
green either in the spring only (herbicide 1x) or in 
spring and fall (herbicide 2x). However, in Spring 
2018, plants were < 10% green due to drought, so we 
only treated the herbicide 2x plots in the spring and 
both herbicide 1x and 2x in the fall. Herbicide treat-
ments for the cut and herbicide treatment were also 
applied in fall the first year and once in the spring, 
thereafter.

To reduce edge effects, we established 1 m buffers 
around each plot in which P. setaceum was removed 
using the same treatment as the plot. We removed P. 
setaceum in areas outside of the buffers to reduce the 
propagule pressure on the plots. Initially, the invaded 
and uninvaded control plots received no treatments. 
However, in the third year, we recognized that seed 
rain from P. setaceum in the invaded control plots was 
likely re-invading the treatment plots. Because this 
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could confound results as to which technique was the 
most effective for controlling P. setaceum, especially 
in plots nearest the invaded controls, we elected to 
treat the invaded control plots. In 2019, we removed 
seed heads from invaded control plots to minimize 
seed spread and re-invasion of the plots, but the seed 
heads grew back within the same season. In 2020, 
after spring sampling, we applied either the manual 
removal or herbicide treatment to invaded control 
plots, such that half of the plots received each treat-
ment. We intended to monitor these plots over time, 
but the plot markers were washed away with a flood-
ing event in Summer 2021.

Plant sampling

To assess how treatments affected the native plant 
community, we collected data on plant and lit-
ter cover in each plot in March of each year during 
peak spring annual biomass. Plant sampling occurred 
prior to treatment application, such that the 2018 
sampling established a pre-treatment baseline and 
the 2019 sampling followed our first year of treat-
ments. We used a line point intercept method along 
five parallel 5  m transects placed at 0.5  m, 1.5  m, 
2.5  m, 3.5  m, and 4.5  m at 1.2  m height across the 
plot. On each transect, 20 intercept points were sam-
pled 25  cm apart for a total of 100 points per plot. 
At each intercept, using a dropped pin or laser, we 
recorded each plant species above or below the line, 
including standing dead P. setaceum (still rooted). To 
document species richness, we then searched within 
the plot and documented all plant species in addition 
to those recorded on the line intercepts. After the plot 
was sampled, we pulled non-native species listed on 
the Preserve invasive species list (Oncosiphon pilu‑
liferum and Brassica tournefortii), which composed 
2.5% of the overall nonfocal non-native cover.

Treatment application and cost calculations

Spring treatment applications occurred in 
March–April, following plant sampling, and fall 
treatments occurred in September–October after 
monsoon rains ended. To ensure that plants were 
not missed, at least two observers first surveyed 
the plot and marked all P. setaceum plants with pin 
flags. Plots were surveyed again immediately after 
treatment and any missed plants were treated. We 

documented how long it took to apply the treatment 
and amount of herbicide solution used within each 
plot. In 2019, we also began counting the number of 
plants treated within each plot. Within three weeks 
of treatment, we checked the efficacy of removal 
treatments and documented any new growth or 
missed plants. In Spring 2019, we re-treated all 
treatment plots due to the high occurrence of liv-
ing P. setaceum observed during the post-treatment 
check; we are not sure if these plants were missed 
during the initial treatments or were new growth 
from above-average rainfall.

We calculated costs of each treatment based on 
measured costs (time to apply the treatment in plots 
and supplies used) and estimated costs (preparation 
time). For measured costs, we summed the timed per-
person treatment application effort in each plot. Sup-
plies included herbicide and weed whacker blades. 
For herbicide plots, we measured the herbicide quan-
tity used by marking lines on the sprayer tank before 
and after the treatment and calculating the volume (in 
liters) of solution used. We then multiplied that num-
ber by 3% to obtain the amount of actual herbicide 
used and multiplied the result by the cost of the her-
bicide ($11.66 per liter). We calculated the per plot 
cost of blades for the weed whacker in 2018 by divid-
ing the total number of blades used by the number of 
cut and herbicide plots and multiplying by the blade 
cost [(29 blades/6 plots) * $0.72/blade = $3.48/plot]. 
We did not include the cost of equipment such as 
the sprayer tanks, personal protective equipment, or 
picks.

In addition to the measured costs, we added esti-
mated costs of “per plot” and “per day” preparation 
time as they are important considerations for manag-
ers when comparing treatments. Per plot costs were 
dependent on number of treatments applied and num-
ber of plants treated in each plot and included chang-
ing blades for the cut treatment (estimated at 0.15 h/
plot) and time to fill water bottles and refill the sprayer 
for herbicide treatments (estimated at 0.01 h for < 10 
plants per plot; 0.02 h for 10–20 plants per plot; and 
0.03 h for > 20 plants per plot). The “per day” costs 
were fixed costs that did not change with number of 
treatments or plants and included the preparation time 
in gathering supplies, cleaning the sprayer, and put-
ting on PPE (0.42  h/day) and round-trip travel time 
(2 h/day). All measured and estimated time was con-
verted to cost by multiplying by the national average 
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herbicide applicators rate of $17.60/hour (Payscale 
2021).

To calculate the overall costs per treatment, we 
added together calculated costs and in-plot estimated 
costs of all plots within the same treatment for each 
season within each year. In this calculation, if there 
were no measured costs (no plants were treated) 
in given plot, then per plot estimates were also not 
included for that plot. Per day estimated costs were 
multiplied by the number of treatments per season/
year and added to the calculated and in-plot estimates 
total.

Analysis

To compare treatment efficacy, we analyzed P. seta‑
ceum cover and sum of plants counted prior to every 
removal in each plot within season. We analyzed the 
P. setaceum cover data using a mixed model in a full 
factorial with treatment and year as fixed factors (6 
levels: cut and herbicide, herbicide 1x, herbicide 2x, 
manual removal, uninvaded control, and invaded con-
trol) and block and plot nested in block as the random 
factors. The 2021 P. setaceum cover (post removal) 
for the invaded control treatment was not included 
in analysis. Random effects were added to the model 
to account for the randomized complete block design 
(block) and repeated measures (plot nested in block). 
The count data showed a skewed distribution; there-
fore, we used a poisson model with a link “log” func-
tion with treatment (5 levels: cut and herbicide, herbi-
cide 1x, herbicide 2x, manual removal, and uninvaded 
control) as the fixed factor, number of plants as the 
response variable, and block and plot nested in block 
as the random factors. We only counted the number 
of individuals in the invaded control plots in 2020, 
before removal; therefore, this treatment was not 
included in the analysis. Thus, the cover data pro-
vided the overall analysis including changes from 
baseline and comparisons with the invaded control, 
and the count data served to compare efficacy among 
treatments. We used the glmer function in the lme4 
package (Bates et al. 2015) in R (R Core Team 2021). 
For a posthoc comparison of means, we used the 
sidak adjustment using the emmeans package in R 
(Lenth 2021). All figures were created in JMP version 
16.0.

We analyzed effects of the removal treatments on 
the native plant community cover and richness using 

a mixed model in a full factorial with treatment and 
year as fixed factors (6 levels: cut and herbicide, her-
bicide 1x, herbicide 2x, manual removal, uninvaded 
control, and invaded control) and block and plot 
nested in block as the random factors. Response vari-
ables were native total, perennial, and  annual rich-
ness and cover, and nonfocal non-native richness and 
cover (without P. setaceum). We analyzed the effect 
of removal treatments on fuel load (litter and standing 
dead) using the same model with five levels of treat-
ment (cut and herbicide, herbicide 1x, herbicide 2x, 
manual removal, and uninvaded control). We used the 
lmer function in the lme4 package (Bates et al. 2015) 
and the emmeans package (Lenth 2021) in R (R Core 
Team 2021). Residuals were checked and native 
annual cover was log + 1 transformed and total native, 
P. setaceum cover, and non-native cover were square 
root transformed to meet assumptions of normality.

We analyzed measured costs using a mixed model 
with treatment as a fixed factor (4 levels: cut and 
herbicide, herbicide 1x, herbicide 2x, and manual 
removal) and block as a random factor using the same 
statistical packages as in the native plant community 
models described above. We used two response fac-
tors: (1) measured per plot application time summed 
by treatment over the duration of the experiment and 
(2) the measured per plot application time multiplied 
by the national average herbicide applicators rate of 
$17.60/h (Payscale 2021) plus the cost of supplies 
summed by treatment. Residuals were checked and 
measured costs were square root transformed to meet 
assumptions of normality.

In order to estimate realistic costs associated with 
each treatment, we added the estimated costs to the 
measured costs and then scaled the total costs for 
treating different sized areas to compare how the 
treatment costs compare at different scales. These 
were not compared statistically, due to the inclusion 
of estimates (without standard errors).

Results

Treatment efficacy

By Fall 2020, two and a half years after treatments 
began, no living P. setaceum plants were observed 
in any of the treatment plots. We verified this trend 
continued in Spring 2021. The P. setaceum cover had 
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a year by treatment interaction effect, such that the 
removal treatments reduced P. setaceum in the first 
year, but the invaded control remained high until after 
plant sampling in 2020 (Table  1, Fig.  1a).The aver-
age number of P. setaceum plants was greater in the 
cut and herbicide, herbicide 1x, and manual removal 
plots than in the uninvaded control plots, whereas 
there was not a significant difference between the her-
bicide 2x and uninvaded control plots (χ2 = 18.255, 
df = 4, p = 0.001, Fig. 1b).

Effect on plant community

Native cover

Total and perennial native plant cover had a signifi-
cant year by treatment interaction in which treatment 
differences were mediated by year (Table 1, Fig. 2). 
The interaction can be seen in 2018 when, prior to 
initial treatments, total and perennial native cover 
were higher in the uninvaded control plots compared 
with the invaded control plots, whereas these treat-
ment differences were reduced in subsequent years 
with the removal of P. setaceum and more rainfall 
(Fig.  2). For annual native cover there were no sig-
nificant interactions or treatment differences, only 
differences in year (Table 1, Fig. 2), likely driven by 
precipitation patterns (Table S1).

Native richness

Total native plant richness had significant annual dif-
ferences (Table  1, Fig.  3). Averaged over years, the 
manual removal treatment had higher total native 
richness (22.7 ± 1.63) than the invaded control 
(18.1 ± 1.61), but no difference was observed between 
the other treatments and the invaded or uninvaded 
controls (Fig.  3). Treatment differences for peren-
nial native richness depended on year (Table 1). The 
interaction can be seen in 2020, in which the invaded 
control had lower perennial native richness than the 
treatments, compared with the following year when 
the perennial native richness was depressed in the 
herbicide 2x treatment compared with the manual 
removal treatment (Fig.  3). Annual native richness 
also had significant annual differences, reflecting the 
same trend as total native richness, and had a signif-
icant main treatment effect (Table  1), but these dif-
ferences were not significantly separated in posthoc 
analysis (Fig. 3).

Non‑native cover and richness

Nonfocal non-native cover and richness differed by 
year but not treatment (Table  1, Figs.  3, 4). Cover 
increased in the two years after the first P. setaceum 
removal, then decreased in 2021, a drier year (Table 1 
and Fig.  3). Nonfocal non-native species present 
included annual grasses (Bromus rubens, Schis‑
mus barbatus, Hordeum murinum) and annual forbs 

Table 1   Results of a 
generalized linear mixed 
models testing on a full 
factorial model of year 
(2018–2021), treatment (6 
levels: cut and herbicide, 
herbicide 1x, herbicide 2x, 
manual removal, uninvaded 
control, and invaded 
control), and their interaction 
on native and non-native 
plant cover and richness, 
P. setaceum standing dead 
cover, and litter cover

Random terms in the model 
were block and plot nested 
in block
a Treatment df = 4, Year 
df = 3, Treatment * Year 
df = 12

Response variables Fixed factors

Treatment (df = 5) Year (df = 3) Treatment * year 
(df = 15)

χ2 p χ2 p χ2 p

Native total cover 9.98 0.076 465.76 < 0.001 31.44 0.008
 Native perennial cover 12.64 0.027 129.97 < 0.001 30.27 0.011
 Native annual cover 0.98 0.964 1841.12 < 0.001 20.56 0.151

Nonfocal non-native cover 6.18 0.289 319.36 < 0.001 13.56 0.559
 Native total richness 14.05 0.015 614.83 < 0.001 14.88 0.460
 Native perennial richness 5.14 0.399 121.06 < 0.001 28.14 0.021

Native annual richness 13.48 0.019 656.21 < 0.001 14.01 0.525
Nonfocal non-native richness 3.55 0.615 250.97 < 0.001 4.56 0.995
P. setaceum cover 727.49 < 0.001 1624.87 < 0.001 800.91 < 0.001
P. setaceum standing dead covera 43.38 < 0.001 104.57 < 0.001 86.47 < 0.001
Litter covera 8.41 0.078 55.45 < 0.001 15.20 0.230
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(Oncosiphon piluliferum, Erodium cicutarium, Her‑
niaria hirsute, Sonchus oleraceus, Sisymbrium irio, 
Brassica tournefortii, Malva parviflora, Lactuca ser‑
riola). Non-native species richness was higher in the 
two wetter years, as seen with native plant cover and 
richness. P. setaceum standing dead had a significant 
interaction in which there were no differences among 
treatments in 2018, prior to removals, but in 2019 

the herbicide treatments (herbicide 1x, herbicide 2x, 
cut and herbicide) were higher than manual removal 
and the uninvaded control (Table  1, Fig.  4). Litter 
cover was different among years but not treatments 
(Table 1, Fig. 4).

Cost effectiveness

Manual removal treatments took significantly more 
time to apply than the other treatments, and cut and 
herbicide took more time to apply than the herbicide 
1x and 2x treatments (χ2 = 65.014, df = 3, p < 0.001, 
Fig.  5a). Manual removal and cut and herbicide 
treatments had significantly higher measured costs 
than the herbicide only plots (χ2 = 107.01, df = 3, 
p < 0.001, Fig.  5b). However, when accounting for 
travel and preparation time prior to and in field 
and supply costs, at the plot scale (25  m2), manual 
removal was cheapest and herbicide 2x was the most 
expensive (Fig. 5c). Herbicide 1x and manual removal 
had comparable costs at small scales (< 0.1 ha), but 
herbicide 1x was the least expensive treatment for 
larger areas. Manual removal was less expensive than 
herbicide 2x for areas < 0.6  ha but was more expen-
sive in larger areas (Fig. 5c).

Discussion

Our study is the first to provide a comprehensive 
comparison of common control techniques for P. seta‑
ceum that also addresses responses of the native plant 
community and cost effectiveness. All treatments we 
compared effectively controlled P. setaceum within 
three years, and none had a negative influence on the 
native plant community.

Overall, applying herbicide once per year was the 
most cost-effective treatment. However, it is impor-
tant to note that in very small areas (< 0.04 hectare) 
manual removal was the most cost effective; even 
though it took the most amount of time to apply, no 
preparation time was required. Conversely, herbicide 
twice a year required substantial preparation time 
but less application time; therefore, in larger areas 
where more time is spent in application vs prepara-
tion, it replaced manual removal as the second most 
cost-effective treatment. Applying herbicide twice 
a year also appeared to increase efficacy of P. seta‑
ceum removal in the first year, which might argue 

Fig. 1   Effects of removal treatments on P. setaceum a plant 
cover and b number of plants removed. Counts were taken 
prior to subsequent treatment applications each year starting 
one year after removals began. Cover data for invaded control 
is not included for 2021 because P. setaceum was treated in 
the plots after sampling in 2020. Bars represent one standard 
error of the mean. Asterisks indicate a year*treatment interac-
tion effect at this p level: ***p < 0.001. Lower case letters rep-
resent significant differences among treatments, averaged over 
season, using sidak post hoc comparisons of means. Plots are 
5 m × 5 m
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for applying herbicide multiple times at first and 
then switching to less intensive approaches in subse-
quent years. Other studies have also had success from 
applying multiple treatments per year and implement-
ing different types of treatments. In Hawaii, Cabin 
et  al. (2000) removed P. setaceum using a weed-
whacker and multiple applications of herbicide in the 
first year and subsequent herbicide applications and 
manual removal in following years with rodent con-
trol and ungulate exclosures to promote native plant 
establishment. Cabin et al. (2002) also found that all 

their treatments (bulldoze, plastic mulch, and cut and 
herbicide) helped control P. setaceum better than cut-
ting alone.

In our study, the cut and herbicide treatment was 
the costliest treatment at scales larger than 0.05 hec-
tare due to the supplies used (weedwhacker blades), 
plus the amount of time required to replace the blades 
due to breakage. In our first year, we found that weed-
whacker string was ineffective as it broke and had to 
be re-threaded more often. Additionally, we found no 
evidence that cutting improved the effectiveness of 

Fig. 2   Response of native 
and nonfocal non-native 
plant cover to removal treat-
ments over time. Upper case 
letters represent differences 
among year, averaged over 
treatment. Treatment differ-
ences were calculated using 
sidak post hoc comparisons 
of means. Asterisks indicate 
a year * treatment interac-
tion effect at these p levels: 
*p < 0.05. and **p < 0.01. 
Bars represent one standard 
error of the mean

Fig. 3   Response of native 
and nonfocal non-native 
plant richness to removal 
treatments over time. 
Upper case letters represent 
differences among year, 
averaged over treatment. 
Treatment differences were 
calculated using sidak post 
hoc comparisons of means. 
An asterisk indicates a 
year * treatment interac-
tion effect at p < 0.05. Bars 
represent one standard error 
of the mean
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the cutting treatment compared to herbicide alone. 
This finding was surprising given that previous exper-
iments performed in Hawaii had high success with 
this treatment, although cut and herbicide was not 
directly compared to herbicide alone in those stud-
ies (Cabin et al. 2000, 2002; Cordell et al. 2002). The 
rationale for cutting the P. setaceum prior to herbicide 
at the Hawaiian sites was likely to reduce the abun-
dance of inert plant material from previous years to 
focus herbicide use only on new growth. In Hawaii, 
rainfall occurs throughout the year and P. setaceum is 
rarely dormant and likely occurs in denser stands than 
in Arizona, thus the cut, re-growth, and herbicide can 
be applied on a continuous cycle, instead of a sea-
sonal one. These differences may make this treatment 
more useful in Hawaii; however, concentrating the 
herbicide spray on the green parts of the grasses met 
with success in our experiment.

In addition to cost effectiveness, managers need to 
consider logistical constraints of workforce, material 
transport to the site, timing, environmental costs, and 
remaining fuel load (Table  2). Herbicide treatments 
tend to leave more flammable material in place with 
standing dead P. setaceum. However, we did not see 
a comparable increase in litter in the manual removal 

plots as expected, perhaps as a result of heavy rain 
events that moved the manually removed plants off 
the plots. Also, although glyphosate is relatively 
benign compared with other herbicides, due to strong 
soil binding and water solubility (Duke 2020), it 
should not be applied directly to water or where there 
is high risk of drift to water due to reported impacts 
on amphibians (Relyea 2005, 2012) and, if applied 
broadly, can have non-target effects on native plants 
because it is a non-selective herbicide. Herbicide also 
requires a substantial amount of water, which can be 
difficult to transport long distances to inaccessible 
areas (Table 2).

Although we found that time until control could 
be achieved within three years, this might fluctuate 
to some degree depending on precipitation during 
the spanning years. Precipitation levels can present 
a trade-off in terms of invasive species spread and 
control. While a rainy year will nurture more P. seta‑
ceum seedlings, growth, and seed (Goergen and Dae-
hler 2002; Poulin et al. 2007), it also provides more 
opportunity for herbicide application because glypho-
sate and many other postemergence herbicides rely on 
phloem transport to the roots and are not effective on 
dormant plants (Hanson 2015). In drought conditions, 

Fig. 4   Pennisetum seta‑
ceum standing dead and 
litter cover by treatment 
over time. Upper case let-
ters represent differences 
among year, averaged over 
treatment. Three asterisks 
indicates a year * treat-
ment interaction effect at 
p < 0.001. Bars represent 
one standard error of the 
mean
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Fig. 5   Costs of removal 
treatments by a mean time 
conducting treatments in 
25 m2 plot, b mean meas-
ured cost of labor and sup-
plies in 25 m2 plot, and c 
total estimated costs. Total 
estimated costs include 
measured costs (based on 
cost of labor and supplies 
in plot) plus estimated 
preparation time (labor per 
plot and per day) and two-
hour round-trip travel to the 
site. The x and y axes for 
plot c are on a logarithmic 
scale. Area of plots was 
25 m2. Lower case letters 
represent differences among 
treatments averaged over 
year using sidak post hoc 
comparisons of means. Bars 
represent one standard error 
of the mean
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herbicide can be less effective due to slowed plant 
processes or physical changes to the plant leaf sur-
faces; however, these obstacles can be mitigated 
through use of surfactants (Hanson 2015). In sea-
sons with limited moisture or during drought, manual 
removal might be the more effective option for man-
agers, as dormant plants can be effectively removed.

We had anticipated that the manual removal treat-
ment, given the amount of soil disturbance caused by 
digging out roots, might negatively affect the plant 
community but, by the final year, the manual removal 
treatment had higher native perennial plant species 
richness than the herbicide 2x treatment (interaction 
effect). It is possible that perennials might have bene-
fitted from the effects of soil disturbance. Researchers 
have found that manually removing invasive grasses 
can change the soil microbial community (Williams 
et al. 2021), and the digging action can increase water 
infiltration, incorporate organic matter into the soil, 
and increase plant establishment and growth (Kinyua 
et  al. 2010; Ruthrof et  al. 2013; Rowe et  al. 2021). 
Other studies have seen similar effects from bulldoz-
ing areas to remove P. setaceum, which improved soil 
moisture and native seedling performance compared 
to cut and herbicide treatments (Cabin et  al. 2002; 
Thaxton et  al. 2012), although disturbing areas can 
result in higher occurrence of other non-native spe-
cies (Hobbs and Huenneke 1992; Rowe et al. 2021).

Although we had expected to see negative treat-
ment effects on the native plant community, any 
that occurred may have been balanced by removing 

competition from P. setaceum. In this study, the 
native plant community cover and richness increased 
in 2019, the year after treatments, but 2019 was also 
a relatively wet year compared to 2018. Other stud-
ies observed positive influences on native species 
from removal of P. setaceum, particularly for estab-
lishment of desired species. Cabin et al. (2000) found 
that, combined with exclusion of rodents, controlling 
P. setaceum allowed for the establishment of Dio‑
spyros seedlings, a key native dry forest species, as 
well as herbaceous seedlings. In a subsequent study, 
Cabin et  al. (2002) tested seeding and planting tar-
get species in combination with P. setaceum control 
and found species-specific responses. Thaxton et  al. 
(2012) compared the effects of removing fountain 
grass, shade (60% of full sun, full sun), and water 
(supplemental vs ambient) on transplanting seedling 
survival, growth and physiology of five native trees, 
three native shrubs, and two vines. They found that 
each treatment independently increased survival and 
growth of the seedlings (Thaxton et al. 2012).

As with the native plants, nonfocal non-native 
cover and richness also increased after the remov-
als began. This is a fairly common phenomenon; in 
a survey of studies encompassing 35 national parks, 
44% of the 16 studies that evaluated nonfocal exotic 
species found an increase (Abella 2014). Fortunately, 
the nonfocal non-native species in our study generally 
have lower biomass and, thus, the overall fire load 
and risk is lower with P. setaceum removal even with 
the associated influx of non-native species.

Table 2   Logistical and environmental considerations of each removal technique to support decision-making

a In areas inaccessible by motorized vehicle, large crews may be required to carry in water for herbicide
b Relyea (2005, 2012)
c Fuel load can include standing dead and litter, but litter was not different across treatments, thus not included

Considerations Treatments

Cut Herbicide Manual removal

Workforce (small area/large inac-
cessible area/large accessible 
area)

Small/small/small Small/largea/small Small/large/large

Training Minimal May require certification Minimal
Timing Before or during growing season Photosynthetically active Year round
Materials needed in the field Weedwhacker, gas, blades or string Herbicide, dye, personal protective 

equipment, and substantial water
Pick

Environmental costs Exhaust and noise Possible effects on plants and animalsb Soil disturbance
Fuel loadc Reduced standing dead Standing dead No standing dead
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Conclusion

Manually removing, cutting followed by herbicide 
treatment, and herbicide treatment alone were equally 
effective in controlling P. setaceum while protecting 
the native plant community. A sustained, multi-year 
effort is required, and managers should expect to 
apply removal treatments for at least three years. In 
our study, removals were undertaken with a level of 
effort unlikely to be realized in a regular field situa-
tion (e.g., flagging plants, checking and re-treating 
after removal, and re-treating in spring 2019 to 
account for missed plants or new sprouts); there-
fore, this estimated timeframe likely represents the 
best-case scenario and it may take longer to achieve 
control. Continued monitoring and retreatments 
in subsequent years are recommended. In areas of 
small infestation, managers can consider manual 
removal as a cost-effective technique, replacing that 
with herbicide for larger infestations. Depending on 
environmental conditions and green-up of the plants, 
multiple herbicide treatments in the first year could 
be considered to help speed up control efforts. These 
findings are especially useful for helping managers to 
set expectations and plan for their overall efforts. The 
appropriate treatment(s) to use will depend on each 
individual scenario, including the location and extent 
of infestation, available resources, staffing and volun-
teer workforce, and environmental conditions. Man-
agers can use our findings as a toolset to determine 
what will work best for them.
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