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The wheat stem sawlly (WSS), Cephus cinctus Norton (Hyme-
noptera: Cephidae), is a grass-mining sawiy native to North America
(Criddle 1922, Ainslie 1929, Wallace and McNeal 1966, Lesieur et
al. 2016). Originally adept at using wild grass hosts, the species be-
came a major pest of cultivated cereals as these resources became
more prevalent following European settlement, becoming a notable
pest of winter wheat in 1990 in Montana (Morrill and Kushnak
1996), and more recently in Colorado (Cockrell et al. 2021). Climate
warming has the potential to further expand the range of this pest
both northward and southward (Olfert et al. 2019, Weaver 2023).
Adult female WSS use their saw-like ovipositor to lay their eggs
in the stem interior cavity, where the eggs hatch, leading to larval
feeding on parenchyma tissue (Roemhild 1954, Holmes and Farstad
1956). Economic damage occurs in 2 ways: Mrst, through a reduc-
tion in kernel weight due to tissue damage (Delaney et al. 2010,
Beres et al. 2011a, 2011b) and second, through stem toppling which
results from late-season larval girdling that creates an overwintering
chamber below the cut in the remaining stem (‘stub’). (Holmes and
Peterson 1960, Nansen et al. 2005, McCullough et al. 2020). The
triggers for WSS larvae to descend to the base of the stem to girdle it
are host-plant ripening and desiccation (Criddle 1923, Ainslie 1929),
along with increased light transmission through the ripened stem
(Villacorta et al. 1971, Holmes 1975).

Several parasitoid and predatory species attack WSS larvae within
wild grass hosts (Morrill et al. 2001), however, 2 species, Bracon
cephi (Gahan) and Bracon lissogaster Muesebeck (Hymenoptera:
Braconidae), have been consistently observed targeting WSS within
cultivated cereals (Nelson and Farstad 1953, Morrill et al. 1998,
Runyon et al. 2001). These 2 host-specifc ectoparasitoids are na-
tive to North America. Both parasitoids are bivoltine, with the Rrst
generation present in Montana from late-June to late-July, while
the second generation is active from mid-July to September (Gahan
1918, Somsen and Luginbill 1956, Davis 2013). Adult female B.
cephi and B. lissogaster inject a paralytic toxin into a WSS larva
within the host stem, paralyzing the host larva, and depositing a
single (B. cephi) or up to 3 (B. lissogaster) eggs. WSS parasitoids pro-
vide biological control of WSS via irreplaceable mortality (Peterson
et al. 2011, Buteler et al. 2015) and can signifcantly reduce WSS
impacts on crop yields (Buteler et al. 2008, Bekkerman and Weaver
2018, Adhikari et al. 2019, Rand et al. 2020). While WSS has a
wide range of viable host plants, including native and non-native
grasses and cultivated row-crops such as wheat (Triticum aestivum
L.) and barley (Hordeum vulgare L.) (Wallace and McNeal 1966,
Cockrell et al. 2017, Achhami et al. 2020), infestation levels can vary
widely across hosts. Previous research identi¥ed a preference for host
plants with larger stem diameter (Ainslie 1920, Buteler et al. 2009,
Bhandari 2020).

Populations of non-native grasses such as Agropyron cristatum,
Bromus tectorum, Bromus inermis, Elymus trachycaulus, and
Thinopyrum intermedium in unmanaged areas host WSS and most
also host the Bracon spp. parasitoids that use WSS (Perez-Mendoza
et al. 2006, Peirce et al. 2021, Rand et al. 2024). Smooth brome has
been shown to be a quality, initially-accepted host for WSS oviposi-
tion while also causing high larval mortality later on in the growing
season (Seamans 1928, Farstad and Jacobson 1945, Bhandari 2020).
However, there is a lack of data relating to the overall infestation,
WSS stem cutting, and parasitism within smooth brome at multiple
times throughout the growing season. Quantitative assessment of
potential “reservoir” characteristics and local spatial information
could be useful in more fully understanding the ecological impacts
of maintaining smooth brome along roadways and within unculti-
vated areas.

Smooth brome (Bromus inermis Leyss.) is a Eurasian cool-
season rhizomatous grass intentionally introduced to the United
States in 1884 (Thomsen and Salesman 2011). Smooth brome was
originally thought of as potentially useful as a trap crop to combat
the growing WSS problem (Criddle 1922, Seamans 1928, Farstad
and Jacobson 1945, Beres et al. 2011a). Due to its relatively low
forage value and propensity to form monocultures and outcompete
many native grasses, smooth brome is considered problematic in
some habitats (Carlson and Newell 1985, Willson and Stubbendieck
2000, Dillemuth et al. 2008). However, smooth brome does not en-
croach into cropland habitats (Grant et al. 2020) and invasion of
grassland seems to be correlated with increasing temperature and
precipitation across the northern Great Plains. Grant et al. (2020)
found no evidence of invasion of prairie grassland by smooth brome
in northeastern MT, which is drier than most of the area studied.
Thus, smooth brome still holds considerable ecological and eco-
nomic value due to its late senescence and WSS antibiosis properties
(Otknowski et al. 2006, Rand et al. 2024).

Montana’s golden triangle, an area of central and northern
Montana with intense cereal grain production, is prone to drought
and historical burning via wild¥re (Wilson 1923, Adhikari et al.
2019). As both WSS and its host-speci¥c parasitoids are relatively
restricted in their annual mobility, environmental extremes can sig-
nicantly affect the population dynamics and distribution of these
pests and their natural enemies (Weaver et al. 2005). As with many
predator—prey interactions, the WSS and parasitoid populations
Muctuate, with crashes and spikes experienced in close succession
and through interaction with drought (Holmes et al. 1963, Holmes
1982).

In this study, we explored the population dynamics between WSS
in Montana and their associated braconid parasitoids in relation to
smooth brome host sites. Our goals were to understand (i) the de-
gree to which WSS infested smooth brome stems in relation to neigh-
boring cereal crops and (ii) the way in which WSS parasitoids use WSS
hosts available within smooth brome stems. To do so, we conducted
2 studies. In our Mrst study, we used WSS-inclusion cages to measure
the relative infestation and survival to cutting of WSS larvae within
smooth brome stems in the absence of parasitoids. The second study
examined rates of stem cutting and parasitism in wheat crops and
their surroundings at Keld sites in central and northern Montana.

In addition, we examined historical weather data from 2 Keld
locations (10 sites overall) in central and northern Montana. We
used these data to understand how changes in local climate trends
may be affecting WSS, B. cephi, and B. lissogaster interactions with
smooth brome populations. In addition, we analyzed normalized dif-
ference vegetative index (NDVI) at our Keld sites to understand how
smooth brome senescence patterns compared to adjacent cultivated
wheat Relds.

Using these studies, we addressed 3 questions: (i) what is the total
WSS-caused stem cutting leading into diapause, and thus the source
rate, of the subsequent WSS population within smooth brome?
(i1) Can WSS larvae within smooth brome serve as critical second-
generation hosts for B. cephi and B. lissogaster? and (3) How do
annual WSS and parasitoid populations in smooth brome compare
with those in the adjacent cultivated wheat Kelds?

Materials and Methods

WSS-inclusion Cage Infestation of Smooth Brome
Assessment of WSS infestation and mortality within smooth

brome stems were assessed using a 10 x 18 m plot at the Arthur
H. Post Agronomy Farm (43°3819.39 N, 116°1428.86 W), an
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experimental farm of Montana State University in Bozeman, MT.
There is a negligible population of WSS and associated parasitoids
at this location. Experimental cages were built using 25 mm PVC
piping with the netting made using 530 pm (BioQuip Products,
LLC). Twelve cages were built to dimensions of 2 m x 1 m x 1 m
(L x W x H) with cage locations selected randomly based on the
space available within the 18 x 10 m smooth brome plot and ar-
ranged in sets of 3. Each set of 3 cages was treated as a replicate and
contained a high, low, and control. This experiment was repeated in
2022 and 2023.

Wheat stem stubble was collected in Three Forks, MT, USA
(43°3819.39 N, 116°14 28.86 W) from Kelds that experienced
high levels of WSS infestation and stem cutting the year prior, as
previously described by Hager et al. (2024). Cut wheat stubble, or
stubs, which contained WSS larvae in diapause, were kept refriger-
ated between X2°C and 3°C for > 100 days as required to complete
obligatory larval diapause. As needed, stubs were removed from re-
frigeration and kept at 22-27°C for 4-5 wk inside of 3-L GladWare
storage containers (Glad, Oakland, CA). Once smooth brome stems
reached approximately 15-cm tall, stub containers with emerging
WSS were added to cages to mimic infestation pressure. Treatments
were high (600 stubs), low (200 stubs), and control (zero stubs).

In late September, smooth brome stems were collected from each
cage. Each stem was dissected using X-Acto knives to collect data
on infestation, dead larvae and live larvae, as well as very rare para-
sitism events, for each stem internode.

Montana Field Survey

WeatherDataandNDVI

Field sites were chosen across 2 counties, Choteau and Judith Basin,
within the “Golden Triangle” of Montana (Supplementary Fig. 1),
areas that consistently experience high WSS pressure. We assessed
the medium- and long-term temperature and precipitation trends of
our Meld sites using weather data from the National Oceanic and
Atmospheric Administration (NOAA, Silver Spring, MD). Data for
each Keld site were averaged from 3 of the closest weather stations to
that location. To better understand how precipitation patterns vary
throughout the growing season, we examined local daily precipita-
tion totals from weather stations at our sampling sites in Big Sandy
and Moccasin, MT. Data were retrieved from historical weather
stations (Weather Underground 2024). Precipitation readings were
divided into 3 categories: dates before July 15 and after September
15, as well as between July 15 and September 15. These dates were
chosen based on typical wheat harvest and historical periods of
known WSS parasitoid activity. In the “Golden Triangle,” typical
spring wheat harvest takes place in mid-July on average (Wilson
1923, Zhu and Burney 2021).

We used the normalized difference vegetation index (NDVI) to
compare the relative greening throughout the growing season be-
tween non-irrigated wheat Kelds and adjacent smooth brome (Fig.
4). NDVI is typically used to assess vegetation health and density and
is calculated from the visible and near-infrared light reected by veg-
etation (Pettorelli et al. 2005). We averaged 10-m special resolution
NDVI data from sampled grid locations in Big Sandy from Sentinel-2
between April and October 2023. Data were directly downloaded
using Google Earth Engine.

We conducted a Meld survey to assess WSS infestation, larval
mortality, and B. cephi and B. lissogaster prevalence within smooth
brome and adjacent wheat Kelds. Samples were collected from dry-
land wheat Relds and adjacent smooth brome sites in Big Sandy
and Moccasin in early July and late August in 2022, and 2023.

No insecticides were applied on sampled Kelds during the 2022
and 2023 growing seasons. Sampling sites were set up as 100 m?
polygons along the edge of adjoining wheat Kelds, with 2 polygons
set up at each location. Four collection squares of 0.3 m x 0.3 m
were randomly selected within each polygon during both collection
events each year. All stems within each sampling square were col-
lected using a shovel to remove both stem and root material. Wheat
stem collection methods were adapted from Weaver et al. (2004).
Samples were collected in 4 parallel columns arranged perpendicular
to the edge of the Keld, with each column spaced 10 m apart. Within
each column, 2 sampling points were established at distances of §
and 20 m from the Keld edge. At each sampling point, stems were
collected using a 0.3-m measuring tool. All stems and stubble within
the 0.3 m length were collected.

Wheat and smooth brome samples were stored at 10°C until
dissection. Dissection was undergone similarly to samples from our
WSS-inclusion cages. Per stem or stub, we recorded presence or ab-
sence of WSS larval infestation, live eggs, dead eggs, dead larvae, live
larvae, and Bracon spp. parasitism, in addition to stem cutting. WSS
larvae were identi¥ed based on descriptions in Ainslie (1920) and
Wallace and McNeal (1966).

To better understand the densities of WSS and parasitoids within
the wheat and adjacent smooth brome at each sampling site, we
calculated the ratio of parasitoids to surviving WSS larvae per unit
area. Densities of stems are different when considering unmanaged,
long-standing stands of smooth brome and the adjacent cultivated
wheat or barley.

Statistical Analysis
All statistical analyses were done in R (R Team 2024) using R Studio
(version 4.3.2). Data were plotted using R package “ggplot” (version
3.4.4) (Wickham 2016). We analyzed long- and short-term weather
trends using linear modeling and the “Im” command. Weather data
were analyzed using either average yearly precipitation (cm) or av-
erage yearly temperature (°C) as the response variable and year as
the predictor. Like our weather data analysis, NDVI data were lin-
early modeled to discern differences in NDVI measurements over
time. NDVI data were averaged for both smooth brome and wheat
subsets. We used locally estimated scatterplot smoothing to visualize
NDVI, allowing us to capture the local trends of each plant type.
Within our WSS-inclusion cages, a generalized linear model
(GLM) was used to compare high, low, and control treatment
groups. Similarly, a GLM was used to compare infestation and para-
sitism within smooth brome and adjacent wheat Relds at each of our
sampling locations.

Results

WSS-inclusion Cage Infestation of Smooth Brome
WSS heavily infested stems of smooth brome in the WSS-inclusion
infestation test conditions. Over both years, we observed signs of
WSS infestation in 937 stems and stem cutting in 87. Averaged across
both years, we observed 66.5% (SEM = 6.5) of stems infested for
high WSS density treatments and 47.3% (SEM = 5.2) of stems for
low-density treatments. Within control group stems, we observed no
notable WSS infestation. We found strong evidence suggesting that
there was a signi¥cant difference between infestation at high and
low treatment levels when holding year constant (P < 0.05, Fig. 1).
Stem cutting by mature larvae, leading into winter, was 5.7% for
the high WSS density treatments and 3.9% for the low WSS den-
sity, which was strong evidence of a difference in cutting between
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high and low treatment groups (P < 0.05). Dissected stems often
contained WSS larvae that had mined through multiple nodes. On
average, WSS damage in infested stems spanned 3.45 nodes. In the
high WSS treatment, 33.2% of these stems exhibited 5 or more
internodes with discernible injury, compared to 21.5% of the stems
in the low treatment (Fig. 2). We found that 57.1% of stems in 2022
and 62.3% in 2023 exhibited more than 4 nodes of WSS boring
damage. We also observed 24 parasitism events by WSS parasitoids
across all treatments and years.

Montana Field Sites

In Big Sandy and Moccasin, we saw a decline in average yearly
precipitation and a rise in average yearly temperature of the past
50 yr. There was a significant linear relationship between average
precipitation and year at both locations during this period (r = 0.1,
P =0.03, estimate = —0.15). This means that for each 1-yr interval,
the average precipitation has decreased by 0.15 cm (Supplementary
Fig. 2). Concurrently, there was a significant positive linear relation-
ship (r = 0.245, P < 0.05, estimate = 0.03) between year and average
yearly temperature for Moccasin and Big Sandy. Thus, each year, the
average daily temperature has increased by 0.03°C (Supplementary
Fig. 3).

Local precipitation data from the past 5 yr confirmed that central
and northern Montana experience relatively dry conditions during
the late summer months compared to the wetter conditions in spring
and early summer. In Big Sandy, when accounting for year, the daily
rainfall in the weeks before July 15 was greater than the daily rainfall
during the “late-summer” period (from July 15 to September 15) and
in the weeks after this period (P < 0.05, F = 2.067, Fig. 3A). Analysis
of Moccasin precipitation data revealed that there is little evidence

(P =0.08, F = 1.535) of a difference between date categories, but the
visual trend is still present (F = 1.535, Fig. 3B).

NDVI trends were different when comparing adjacent smooth
brome and spring wheat. Smooth brome post-July 15 NDVI
(F=30.21, P < 0.05) was greater than the post-July 15 NDVI of the
adjacent wheat crop. The smooth brome NDVI remained relatively
linear in downward slope compared to the wheat field (Fig. 4). Rapid
decline in wheat field NDVI was likely due to the ripening and sub-
sequent removal of plant material at harvest.

We quantified WSS and parasitoid presence in 5,971 wheat and
grass stems across 4 research sites in 2022 and 2023, including
assessing parasitism in stubs. Initial infestation of smooth brome
by WSS varied between collection sites, with the greatest infestation
taking place within our 3 Big Sandy sampling sites (2022: 86.3%,
2023: 67.7%), while in Moccasin, we observed lower rates (2022:
56.2%, 2023: 51.6%). Across all sites and years in Big Sandy and
Moccasin, we observed an average infestation of 57.6% within
smooth brome and 45.3% within the adjacent wheat. Cutting by
WSS was observed at an average rate of 3.72% in smooth brome
and 47.1% in the adjacent cultivated wheat.

To generate a relative estimate of the number of potentially avail-
able WSS host larvae within smooth brome late in the growing season,
we calculated the number of stems that contained at least 4 or more
nodes with mining injury. In Big Sandy, 39.5% of collected stems in
the fall exhibited at least 4 nodes of mining injury at our second sam-
pling date. In Moccasin, the corresponding figure was 53.1% (Fig. 5).
We found that 19.5% of stems in Big Sandy and 27.1% of stems in
Moccasin had 4 or more nodes exhibiting WSS damage.

‘We used the ratio of parasitized stems to WSS-cut stems to better
understand the impact of our smooth brome sink/source ecology
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Fig. 1. Comparison of year and treatment group for WSS-inclusion cage infestation of smooth brome.Three treatment groups—high, low, and control (zero, not
shown)—were used.The control trials showed no visible sign of WSS stem damage. *** represents P< 0.05 on ANOVA.
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Fig. 2. Proportion of infested smooth brome internodes exhibiting visible WSS damage within WSS-inclusion cage infestation plots in Bozeman, MT. High
treatments had 600 “stubs” (WSS pupae) added to each cage, while low had 200.
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Fig. 4. Normalized difference vegetation index (NDVI) of smooth brome and adjacent spring wheat field from April 2023 in Big Sandy, MT. Boxes in (A) indicate
from where NDVI data was gathered using Google Earth Engine. Dotted black line on (B) indicates when spring wheat was harvested.

for pest and natural enemy systems. The greatest ratio was within
smooth brome in Big Sandy in the fall of 2022, where we recorded
a ratio of 16 parasitoids to a single WSS-cut stem. Consequently,
for every square meter of smooth brome, there were 16 stems that
produced a parasitoid for every 1 stem that was likely to yield an
adult WSS. However, the lowest ratio in our study was in adjacent
wheat in Moccasin, 2022, where for every parasitoid, more than
9 WSS adults were found. All smooth brome sampling locations
exhibited ratios of parasitoids to WSS-cut stems greater than one,
whereas adjacent wheat samples consistently demonstrated ratios
below one (Fig. 6).

To compare the occurrence of parasitism between the first and
second generations, we calculated the proportion of stems exhibiting
at least one parasitism event relative to the total number of stems
showing signs of WSS tunneling damage. Fall collection parasitism,
including in stubs remaining after stem cutting, was consistently
higher when compared with summer samples from the same sites.
There is strong evidence (P < 0.05) to suggest that parasitism within
our fall collections is greater than parasitism percentages from our
summer collections when considering sample site and year (Fig. 7).
Overall levels of parasitism in cut stubs was very low across sites and
years (Supplementary Fig. 4).

Discussion

WSS-inclusion cage infestation of smooth brome Assessment of
WSS infestation and larval mortality within smooth brome from our

‘WSS-inclusion cage infestation study showed high levels of infesta-
tion coupled with high larval mortality before overwintering dia-
pause. Even in cases of greater infestation (70%4+), larval survival to
cutting reached a maximum around 15%, indicating the capacity of
smooth brome to serve as a quality sink for WSS larvae. These results
confirm the assertions by Criddle (1923) and Seamans (1928) that
smooth brome could serve as a durable WSS trap crop. In addition
to high levels of larval mortality, stem dissection indicated that many
stems had more than 4 nodes damaged (5 damaged internodes) by
WSS larvae. Larval movement through stems can be quick in the
case of WSS-susceptible, cultivated cereal grains (Criddle 1923).
However, smooth brome, given its presumed antibiosis properties
and slow late-season senescence, leads to slower larval development
and thus less movement through the stem (Holmes 1975).

Our results build upon other studies that have reported high
WSS larval mortality in brome species before overwintering dia-
pause (Shanower and Hoelmer 2004, Perez-Mendoza et al. 2006,
Bhandari 2020). Of the infested stems, a significant proportion
(2022: 57.1%, 2023: 62.3%, Fig. 2) exhibited larval damage in 5
or more internodes. While the timing of stem collection and dissec-
tion in October did not allow for precise measurement of availability
of living WSS larvae, stems with at least 5 mined internodes would
likely contain large, living larvae, and thus support viable parasitoids
in late July and August of the same year. Additionally, we found sev-
eral smooth brome stems with living WSS larvae during our October
dissections; these larvae may have been unable to cut stems at this

late date.
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Fig. 5. Proportion of infested smooth brome internodes exhibiting visible WSS damage within WSS-inclusion cage infestation plots in Big Sandy and Moccasin, MT.

Montana Field Sites

Precipitation and temperature data from our sampling sites under-
score the importance of continuing to monitor and conserve areas
of semi-natural, unmanaged grassland. Our 50-yr trend analysis
aligns with Pederson et al. (2009), indicating that the dryland agri-
cultural environments found in central and northern Montana are
likely to become hotter and dryer on average. Over the past 50 yr in
Big Sandy, precipitation has decreased by an average of 0.12 cm per
year while temperatures have increased by an average of 0.03°C per
year. If the trend continues, by 2050, the area could receive 3 cm less
rainfall and temperatures 0.75°C warmer annually.

Both average precipitation and temperature vary widely between
years as both Moccasin and Big Sandy routinely experience droughts
and periods of relative high rainfall (Pederson et al. 2009, Weather
Underground 2024). Precipitation significantly decreases during
the period after wheat harvest, July 15 to September 15, a period
when second-generation WSS parasitoid adults are searching for
WSS larval hosts (Nelson and Farstad 1953, Somsen and Luginbill
1956), often after winter wheat harvest. Mid-season senescence
of many WSS host plants can then leave second-generation WSS
parasitoids with limited host resources for perpetuating the popu-
lation. Consequently, prolonged drought, like seen in 2021 in Big
Sandy can cause a dearth of green host plants in these semi-arid
environments that can be problematic for second-generation adult
parasitoids seeking hosts.

Given this context, our analysis of NDVI at our sampling sites
revealed that smooth brome is particularly capable of sustaining
late-season greening. While parasitism of larvae post-cutting does
occur at varying levels (Holmes 1975, Cdrcamo et al. 2011, Rand et

al. 2011, Sjolie et al. 2024), we found it to be a negligible proportion
of parasitized larvae in our study (Supplementary Fig. 4). Continued
greening may indicate prolonged WSS larval presence within stems
and provide crucial resources for WSS parasitoids during years of
drought or drought-associated crop failure. In these buffer zones,
parasitoids may be able to locate WSS larvae in sufficient numbers
to prevent the large population crashes that can lead to substan-
tial, localized increases in WSS populations and subsequent heavy
crop damage (Holmes et al. 1963, Holmes 1982). In addition, an-
nual changes in temperature and precipitation could have signifi-
cant impacts on the timing of crop production and harvest (Zhu and
Burney 2021), leading to additional challenges for second-generation
parasitoid adults.

Smooth brome is a quality host of both WSS initially and
parasitoids subsequently (Criddle 1922, Peirce et al. 2021, Rand et
al. 2024), but few data are available on the seasonal fluctuation of
both WSS and parasitoid use across time frames. Because we col-
lected stem samples twice during the growing season, we were able
to elucidate both host potential and subsequent parasitoid potential
at 2 important time points, the end of the first generation of para-
sitoid flight (Davis 2013) and the end of the second.

Parasitoid presence in smooth brome increased significantly at
all sites between pre- and post-harvest collections (Fig. 7). Given the
sample collection methods, fall collection parasitism reflects a com-
bination of both pre-harvest and post-harvest parasitoid activity, in-
cluding in cut stubs. While our methods do not allow us to determine
parasitoid preference for host stems from our results, they indicate
that parasitoids may use infested smooth brome stems to a lesser
degree preharvest compared to postharvest, when WSS is no longer
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readily available within the adjacent wheat stems. Concurrently, we
observed a high number of smooth brome stems exhibiting 5 or more
internodes of visible WSS damage, suggesting prolonged larval pres-
ence within smooth brome stems. Specifically, in Big Sandy (39.5%)
and Moccasin (53.1%), stems that exhibited 4 or more nodes dam-
aged indicate that WSS larvae may remain available within smooth
brome stems past wheat harvest, when host WSS availability is oth-
erwise limited. This is particularly important in years of drought or
increased temperatures, where wheat senescence and harvest may
occur earlier in the summer, resulting in little or no success in the
second generation of these parasitoids (Holmes et al. 1963).

Broader Implications
We used parasitism-to-cut-stem ratios to understand the relative im-
pact of smooth brome host sources on overall field parasitism. Simply
assessing the overall number of insects can potentially diminish the
apparent importance of smooth brome, as per square meter stem
counts in cultivated wheat are denser than smooth brome counts
in unmanaged environments such as along roadsides. We found
greater ratios of parasitized stems to cut stems within smooth brome
compared to adjacent wheat fields (Fig. 6). This result indicates that
field-edge areas containing smooth brome typically provide a greater
parasitoid source potential, per square meter, than adjacent culti-
vated fields. These results emphasize the importance of habitat di-
versity and ecological buffers to sustain parasitoid populations over
successive years and highlight the crucial role of edge-row areas in
maximizing parasitoid effectiveness in minimizing WSS damage.
Overall, this work suggests that smooth brome may play an
important role in WSS damage mitigation and parasitoid con-
servation, especially in drought years. Smooth brome exhibited
low levels of WSS stem cutting while remaining a viable host for
second-generation WSS parasitoids. Assessing the comparative abun-
dance of WSS and its associated parasitoids within smooth brome
and adjacent cultivated cereal hosts is an important initial step in
evaluating whether unmanaged road-side environments serve as sink
or source origins of the pest and its beneficial natural adversaries
infiltrating agricultural crops. We do not feel our work suggests
that new smooth brome populations need to be planted, nor does
it suggest that steps to counter invasion in sensitive areas need to be
approached differently. Rather, those commonplace stands already
adjacent to wheat cropland could be maintained specifically for the
role we have described. Further research is needed to understand the
mechanisms behind the ability of smooth brome to both slow larval
development while causing appreciable, but not limiting larval mor-
tality and thus prevent the high level of WSS stem cutting typically
seen in native grasses and cultivated cereals at the same time.
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