
A gr o e c ol o gi c al i m p ort a n c e of s m o ot h br o m e i n 
m a n a gi n g w h e at st e m s a wfl y ( H y m e n o pt er a: 
C e p hi d a e) vi a a s s o ci at e d br a c o ni d p ar a sit oi d s

J a c k s o n R. Str a n d; R o b ert K. D. P et er s o n; Tr a c y M. 
St erli n g; D a vi d K. W e a v er; Xi n g e n g W a n g

A c c e s si bilit y Di s cl ai m er: 

F or a m or e a c c e s si bl e v er si o n of t hi s d o c u m e nt, pl e a s e s u b mit a n a c c e s si bilit y r e q u e st f or m t hr o u g h 
t h e M o nt a n a St at e U ni v er sit y Li br ar y w e b sit e. 

M a d e a v ail a bl e  t hro u g h  M o nt a n a  St at e  U ni v er sit y’ s  S c h ol ar W or k s  B _ 
M O N T A N A 
S T A T E U NI V E R SI T Y 

LI B R A R Y 



Journal of Economic Entomology, 117(6), 2024, 2344–2354 
https://doi.org/10.1093/jee/toae246 
Advance Access Publication Date: 28 October 2024 
Research 

Biological and Microbial Control 

Agroecological importance of smooth brome in managing 
wheat stem saw�y (Hymenoptera: Cephidae) via 
associated braconid parasitoids 
Jackson R. Strand *, , Robert K.D. Peterson , Tracy M. Sterling, David K. Weave r 

Department of Land Resources and Environmental Sciences, Montana State University, Bozeman, MT, USA. *Corresponding author, 
email: jstrand894@gmail.com 

Subject Editor: Xingeng Wang 

Received on 5 July 2024; revised on 23 September 2024; accepted on 11 October 2024 

Wheat stem saw�y (WSS), Cephus cinctus Norton (Hymenoptera: Cephidae), is a major pest of cereal crops 
throughout the Northern Great Plains of North America. Nati ve parasitoids, Bracon cephi (Gahan) and B. 
lissogaster Muesebeck (Hymenoptera: Braconidae), play a k ey role in suppressing WSS populations and lim -
iting associated damage. Smooth brome grass ( Bromus inermis Leyss.) serves as a potential trap reservoir 
for WSS when grown in areas surrounding wheat ( Triticum aesti vum L.) �elds in Montana. Its unique biology 
allows it to support high WSS infestation while promoting signi�cant larval mortality throughout the growing 
season. Late-season WSS survi vor s can then serve as hosts for WSS parasitoids. Our study investigated 
smooth brome as a host refuge for WSS parasitoids. We measured WSS larval infestation and survi val rate 
inside smooth brome grown within WSS-inclusion cages, �nding a maximum infestation of 66.5% and an end-
of-year WSS survi val of 5.7%. In addition, we collected stems from sites in central and north-central Montana 
to measure the WSS infestation and parasitoid prevalence in wheat and adjacent smooth brome. WSS infes -
tation was high in both Big Sandy (64.5% smooth brome, 65.7% adjacent wheat) and Moccasin, MT (50.6%, 
38.6%). Year-end WSS larval mortality was 43.6% greater in smooth brome compared to adjacent wheat at both 
�eld sites, but both hosted similar number s of WSS parasitoids. This research under scores the importance of 
smooth brome in providing a sustainable host refuge for WSS parasitoids and highlights its signi�cant role in 
supporting the economics of wheat culti vation. 
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Introduction 

Ecologists and agricultural producers may hold different views about 
the importance of semi-natural, unmanaged habitats within agricul-
tural landscapes, a distinction often overlooked in ecological and 
conservation discourse (Tscharntke et al. 2016). Although ecologists 
recognize the role of more natural habitats such as �eld-border veg-
etation in supporting biodiversity and providing ecosystem services 
like biological control ( Duff et al. 2024 ), many producers perceive 
these habitat remnants as occupying valuable cropland or even as 
sources of pests. As such, documenting how natural enemy and pest 
populations interact with agricultural landscapes alongside unman-
aged habitat buffers on the crop periphery are important to deter -
mine the degree of the services provided. 

Many insect herbivores and their natural enemies rely on a va -
riety of resources found across diverse habitat types within their 

environment. Depending on the quality of the resource, different 
habitat types can provide resources for increased pest or natural 
enemy populations. Similarly, these habitat types can be sinks that 
decrease pest populations ( Kennedy and Storer 2000 ). Altering the 
presence of these resources may affect either pest or natural enemy 
populations and communities—or both. For example, diversifying 
the edge cropping of organic Brassica using fava beans, fennel, and 
marigolds results in a diversi�ed bene�cial arthropod community 
that helps reduce herbivory ( Morais et al. 2023 ). Understanding the 
ways in which landscape habitat diversity impacts the relationship 
between pest and enemy is crucial for effectively managing pest spe -
cies in large-scale cropping systems. Similarly, understanding how 
herbivore plant hosts act as reservoirs for pests or bene�cial natural 
enemies can potentially play a role in stabilizing year-to-year agricul -
tural impact from these pests (Cano et al. 2022). 
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The wheat stem saw�y (WSS), Cephus cinctus Norton (Hyme-
noptera: Cephidae), is a grass-mining saw�y 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: �rst, 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-speci�c ectoparasitoids are na-
tive to North America. Both parasitoids are bivoltine, with the �rst 
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 signi�cantly 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 
(Ot�nowski 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-
ni�cantly 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 
�uctuate, 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 �rst 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 �eld sites in central and northern Montana. 

In addition, we examined historical weather data from 2 �eld 
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 �eld sites to understand how 
smooth brome senescence patterns compared to adjacent cultivated 
wheat �elds. 

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? 
(ii) 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 �elds? 

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 × 18 m plot at the Arthur 
H. Post Agronomy Farm (43°38�19.39�� N, 116°14�28.86�� 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 µm (BioQuip Products, 
LLC). Twelve cages were built to dimensions of 2 m × 1 m × 1 m 
(L × W × H) with cage locations selected randomly based on the 
space available within the 18 × 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°38�19.39� N, 116°14�28.86� W) from �elds 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 �2°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 
Weather Data and NDVI 
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 �eld sites using weather data from the National Oceanic and 
Atmospheric Administration (NOAA, Silver Spring, MD). Data for 
each �eld 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 �elds 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 re�ected 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 �eld survey to assess WSS infestation, larval 
mortality, and B. cephi and B. lissogaster prevalence within smooth 
brome and adjacent wheat �elds. Samples were collected from dry-
land wheat �elds 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 �elds during the 2022 
and 2023 growing seasons. Sampling sites were set up as 100 m2 

polygons along the edge of adjoining wheat �elds, with 2 polygons 
set up at each location. Four collection squares of 0.3 m × 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 �eld, with each column spaced 10 m apart. Within 
each column, 2 sampling points were established at distances of 5 
and 20 m from the �eld 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 “lm” 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 �elds 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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hi g h  a n d  l o w  tr e at m e nt  gr o u ps  ( P <  0. 0 5).  Diss e ct e d  st e ms  oft e n  

c o nt ai n e d W S S l ar v a e t h at h a d mi n e d t hr o u g h m ulti pl e n o d es. O n 

a v er a g e, W S S d a m a g e i n i nf est e d st e ms s p a n n e d 3. 4 5 n o d es. I n t h e 

hi g h  W S S  tr e at m e nt,  3 3. 2 %  of  t h es e  st e ms  e x hi bit e d  5  or  m or e  

i nt er n o d es wit h dis c er ni bl e i nj ur y, c o m p ar e d t o 2 1. 5 % of t h e st e ms 

i n t h e l o w tr e at m e nt (Fi g. 2 ). We f o u n d t h at 5 7. 1 % of st e ms i n 2 0 2 2 

a n d  6 2. 3 %  i n  2 0 2 3  e x hi bit e d  m or e  t h a n  4  n o d es  of  W S S  b ori n g  

d a m a g e. We als o o bs er v e d 2 4 p ar asitis m e v e nts b y W S S p ar asit oi ds 

a cr oss all tr e at m e nts a n d y e ars. 

M o nt a n a Fi el d Sit e s 

I n  Bi g  S a n d y  a n d  M o c c asi n,  w e  s a w  a  d e cli n e  i n  a v er a g e  y e arl y  

pr e ci pit ati o n  a n d  a  ris e  i n  a v er a g e  y e arl y  t e m p er at ur e  of  t h e  p ast  

5 0  yr.  T h er e  w as  a  si g ni f c a nt  li n e ar  r el ati o ns hi p  b et w e e n  a v er a g e  

pr e ci pit ati o n a n d y e ar at b ot h l o c ati o ns d uri n g t his p eri o d ( r = 0. 1, 

P = 0. 0 3, esti m at e = − 0. 1 5). T his m e a ns t h at f or e a c h 1- yr i nt er v al, 

t h e a v er a g e pr e ci pit ati o n h as d e cr e as e d b y 0. 1 5 c m (S u p pl e m e nt ar y 

Fi g. 2 ). C o n c urr e ntl y, t h er e w as a si g ni f c a nt p ositi v e li n e ar r el ati o n-

s hi p ( r = 0. 2 4 5, P < 0. 0 5, esti m at e = 0. 0 3) b et w e e n y e ar a n d a v er a g e 

y e arl y t e m p er at ur e f or M o c c asi n a n d Bi g S a n d y. T h us, e a c h y e ar, t h e 

a v er a g e d ail y t e m p er at ur e h as i n cr e as e d b y 0. 0 3 ° C ( S u p pl e m e nt ar y 

Fi g. 3 ). 

L o c al pr e ci pit ati o n d at a fr o m t h e p ast 5 yr c o n fr m e d t h at c e ntr al 

a n d n ort h er n M o nt a n a e x p eri e n c e r el ati v el y dr y c o n diti o ns d uri n g 

t h e l at e s u m m er m o nt hs c o m p ar e d t o t h e w ett er c o n diti o ns i n s pri n g 

a n d e arl y s u m m er. I n Bi g S a n d y, w h e n a c c o u nti n g f or y e ar, t h e d ail y 

r ai nf all i n t h e w e e ks b ef or e J ul y 1 5 w as gr e at er t h a n t h e d ail y r ai nf all 

d uri n g t h e “l at e-s u m m er ” p eri o d (fr o m J ul y 1 5 t o S e pt e m b er 1 5) a n d 

i n t h e w e e ks aft er t his p eri o d (P < 0. 0 5, F = 2. 0 6 7, Fi g. 3 A ). A n al ysis 

of M o c c asi n pr e ci pit ati o n d at a r e v e al e d t h at t h er e is littl e e vi d e n c e 

(P = 0. 0 8, F = 1. 5 3 5) of a diff er e n c e b et w e e n d at e c at e g ori es, b ut t h e 

vis u al tr e n d is still pr es e nt ( F = 1. 5 3 5, Fi g. 3 B ). 

N D VI  tr e n ds  w er e  diff er e nt  w h e n  c o m p ari n g  a dj a c e nt  s m o ot h  

br o m e  a n d  s pri n g  w h e at.  S m o ot h  br o m e  p ost-J ul y  1 5  N D VI  

(F = 3 0. 2 1, P < 0. 0 5) w as gr e at er t h a n t h e p ost-J ul y 1 5 N D VI of t h e 

a dj a c e nt w h e at cr o p. T h e s m o ot h br o m e N D VI r e m ai n e d r el ati v el y 

li n e ar i n d o w n w ar d sl o p e c o m p ar e d t o t h e w h e at f el d (Fi g. 4 ). R a pi d 

d e cli n e i n w h e at f el d N D VI w as li k el y d u e t o t h e ri p e ni n g a n d s u b -

s e q u e nt r e m o v al of pl a nt m at eri al at h ar v est. 

We q u a nti f e d W S S a n d p ar asit oi d pr es e n c e i n 5, 9 7 1 w h e at a n d 

gr ass  st e ms  a cr oss  4  r es e ar c h  sit es  i n  2 0 2 2  a n d  2 0 2 3,  i n cl u di n g  

ass essi n g  p ar asitis m  i n  st u bs.  I niti al  i nf est ati o n  of  s m o ot h  br o m e  

b y W S S v ari e d b et w e e n c oll e cti o n sit es, wit h t h e gr e at est i nf est ati o n 

t a ki n g pl a c e wit hi n o ur 3 Bi g S a n d y s a m pli n g sit es ( 2 0 2 2: 8 6. 3 %, 

2 0 2 3: 6 7. 7 %), w hil e i n M o c c asi n, w e o bs er v e d l o w er r at es ( 2 0 2 2: 

5 6. 2 %, 2 0 2 3: 5 1. 6 %). A cr oss all sit es a n d y e ars i n Bi g S a n d y a n d 

M o c c asi n,  w e  o bs er v e d  a n  a v er a g e  i nf est ati o n  of  5 7. 6 %  wit hi n  

s m o ot h  br o m e  a n d  4 5. 3 %  wit hi n  t h e  a dj a c e nt  w h e at.  C utti n g  b y  

W S S w as o bs er v e d at a n a v er a g e r at e of 3. 7 2 % i n s m o ot h br o m e 

a n d 4 7. 1 % i n t h e a dj a c e nt c ulti v at e d w h e at. 

T o g e n er at e a r el ati v e esti m at e of t h e n u m b er of p ot e nti all y a v ail -

a bl e W S S h ost l ar v a e wit hi n s m o ot h br o m e l at e i n t h e gr o wi n g s e as o n, 

w e c al c ul at e d t h e n u m b er of st e ms t h at c o nt ai n e d at l e ast 4 or m or e 

n o d es wit h mi ni n g i nj ur y. I n Bi g S a n d y, 3 9. 5 % of c oll e ct e d st e ms i n 

t h e f all e x hi bit e d at l e ast 4 n o d es of mi ni n g i nj ur y at o ur s e c o n d s a m-

pli n g d at e. I n M o c c asi n, t h e c orr es p o n di n g f g ur e w as 5 3. 1 % ( Fi g. 5 ). 

We f o u n d t h at 1 9. 5 % of st e ms i n Bi g S a n d y a n d 2 7. 1 % of st e ms i n 

M o c c asi n h a d 4 or m or e n o d es e x hi biti n g W S S d a m a g e. 

We us e d t h e r ati o of p ar asiti z e d st e ms t o W S S- c ut st e ms t o b ett er 

u n d erst a n d  t h e  i m p a ct  of  o ur  s m o ot h  br o m e  si n k/s o ur c e  e c ol o g y  

Fi g. 1. C o m p ari s o n of y e ar a n d tr e at m e nt gr o u p f or W S S-i n cl u si o n c a g e i nf e st ati o n of s m o ot h br o m e. T hr e e tr e at m e nt gr o u p s — hi g h, l o w, a n d c o ntr ol ( z er o, n ot 

s h o w n) — w er e u s e d. T h e c o ntr ol tri al s s h o w e d n o vi si bl e si g n of W S S st e m d a m a g e. * * *  r e pr e s e nt s P < 0. 0 5 o n A N O V A. 
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Fi g. 2.  Pr o p orti o n  of  i nf e st e d  s m o ot h  br o m e  i nt er n o d e s  e x hi biti n g  vi si bl e  W S S  d a m a g e  wit hi n  W S S-i n cl u si o n  c a g e  i nf e st ati o n  pl ot s  i n  B o z e m a n,  M T.  Hi g h  

tr e at m e nt s h a d 6 0 0 “ st u b s ” ( W S S p u p a e) a d d e d t o e a c h c a g e, w hil e l o w h a d 2 0 0. 
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Fi g. 3. Fi v e- y e ar s e a s o n al c h a n g e i n pr e ci pit ati o n f or Bi g S a n d y a n d M o c c a si n, M T, U S A. A v er a g e d fr o m d at a b et w e e n 2 0 1 8 a n d 2 0 2 3 fr o m W e at h er U n d er gr o u n d. 

T h er e w a s a n oti c e a bl e c h a n g e i n a v er a g e pr e ci pit ati o n aft er mi d- J ul y wit h littl e pr e ci pit ati o n aft er J ul y 1 5. ( A) B o x pl ot s h o wi n g a v er a g e w e e kl y r ai nf all d uri n g 

e a c h ti m e p eri o d. ( B) Li n e pl ot s h o wi n g s e a s o n al tr e n d of a v er a g e r ai nf all. 
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Fi g. 4. N or m ali z e d diff er e n c e v e g et ati o n i n d e x ( N D VI) of s m o ot h br o m e a n d a dj a c e nt s pri n g w h e at f el d fr o m A pril 2 0 2 3 i n Bi g S a n d y, M T. B o x e s i n ( A) i n di c at e 

fr o m w h er e N D VI d at a w a s g at h er e d u si n g G o o gl e E art h E n gi n e. D ott e d bl a c k li n e o n ( B) i n di c at e s w h e n s pri n g w h e at w a s h ar v e st e d. 

f o r p est a n d n at ur al e n e m y s yst e ms. T h e gr e at est r ati o w as wit hi n 

s m o ot h br o m e i n Bi g S a n d y i n t h e f all of 2 0 2 2, w h er e w e r e c or d e d 

a  r ati o  of  1 6  p ar asit oi ds  t o  a  si n gl e  W S S- c ut  st e m. C o ns e q u e ntl y,  

f or e v er y s q u ar e m et er of s m o ot h br o m e, t h er e w er e 1 6 st e ms t h at 

pr o d u c e d a p ar asit oi d f or e v er y 1 st e m t h at w as li k el y t o yi el d a n 

a d ult W S S. H o w e v er, t h e l o w est r ati o i n o ur st u d y w as i n a dj a c e nt 

w h e at  i n  M o c c asi n,  2 0 2 2,  w h er e  f or  e v er y  p ar asit oi d,  m or e  t h a n  

9  W S S  a d ults  w er e  f o u n d.  All  s m o ot h  br o m e  s a m pli n g  l o c ati o ns  

e x hi bit e d  r ati os  of  p ar asit oi ds  t o  W S S- c ut  st e ms  gr e at er  t h a n  o n e,  

w h er e as  a dj a c e nt  w h e at  s a m pl es  c o nsist e ntl y  d e m o nstr at e d  r ati os  

b el o w o n e ( Fi g. 6 ). 

T o c o m p ar e t h e o c c urr e n c e of p ar asitis m b et w e e n t h e frst a n d 

s e c o n d g e n er ati o ns, w e c al c ul at e d t h e pr o p orti o n of st e ms e x hi biti n g 

at l e ast o n e p ar asitis m e v e nt r el ati v e t o t h e t ot al n u m b er of st e ms 

s h o wi n g si g ns of W S S t u n n eli n g d a m a g e. F all c oll e cti o n p ar asitis m, 

i n cl u di n g  i n  st u bs  r e m ai ni n g  aft er  st e m  c utti n g,  w as  c o nsist e ntl y  

hi g h er w h e n c o m p ar e d wit h s u m m er s a m pl es fr o m t h e s a m e sit es. 

T h er e is str o n g e vi d e n c e ( P < 0. 0 5) t o s u g g est t h at p ar asitis m wit hi n 

o ur f all c oll e cti o ns is gr e at er t h a n p ar asitis m p er c e nt a g es fr o m o ur 

s u m m er c oll e cti o ns w h e n c o nsi d eri n g s a m pl e sit e a n d y e ar ( Fi g. 7 ). 

O v er all l e v els of p ar asitis m i n c ut st u bs w as v er y l o w a cr oss sit es a n d 

y e ars ( S u p pl e m e nt ar y Fi g. 4 ). 

Di s c u s si o n 

W S S-i n cl usi o n  c a g e  i nf est ati o n  of  s m o ot h  br o m e  Ass ess m e nt  of  

W S S i nf est ati o n a n d l ar v al m ort alit y wit hi n s m o ot h br o m e fr o m o ur 

W S S-i n cl usi o n c a g e i nf est ati o n st u d y s h o w e d hi g h l e v els of i nf est a -

ti o n  c o u pl e d  wit h  hi g h  l ar v al  m ort alit y  b ef or e  o v er wi nt eri n g  di a-

p a us e. E v e n i n c as es of gr e at er i nf est ati o n ( 7 0 % +), l ar v al s ur vi v al t o 

c utti n g r e a c h e d a m a xi m u m ar o u n d 1 5 %, i n di c ati n g t h e c a p a cit y of 

s m o ot h br o m e t o s er v e as a q u alit y si n k f or W S S l ar v a e. T h es e r es ults 

c o n fr m t h e ass erti o ns b y Cri d dl e ( 1 9 2 3)  a n d S e a m a ns ( 1 9 2 8)  t h at 

s m o ot h br o m e c o ul d s er v e as a d ur a bl e W S S tr a p cr o p. I n a d diti o n 

t o hi g h l e v els of l ar v al m ort alit y, st e m diss e cti o n i n di c at e d t h at m a n y 

st e ms h a d m or e t h a n 4 n o d es d a m a g e d ( 5 d a m a g e d i nt er n o d es) b y 

W S S  l ar v a e. L ar v al  m o v e m e nt  t hr o u g h  st e ms  c a n  b e  q ui c k  i n  t h e  

c as e  of  W S S-s us c e pti bl e,  c ulti v at e d  c er e al  gr ai ns  ( Cri d dl e  1 9 2 3 ). 

H o w e v er,  s m o ot h  br o m e,  gi v e n  its  pr es u m e d  a nti bi osis  pr o p erti es  

a n d sl o w l at e-s e as o n s e n es c e n c e, l e a ds t o sl o w er l ar v al d e v el o p m e nt 

a n d t h us l ess m o v e m e nt t hr o u g h t h e st e m ( H ol m es 1 9 7 5 ). 

O ur  r es ults  b uil d  u p o n  ot h er  st u di es  t h at  h a v e  r e p ort e d  hi g h  

W S S  l ar v al  m ort alit y  i n  br o m e  s p e ci es  b ef or e  o v er wi nt eri n g  di a -

p a us e  ( S h a n o w er  a n d  H o el m er  2 0 0 4 , P er e z- M e n d o z a  et  al.  2 0 0 6 , 

B h a n d ari  2 0 2 0 ).  Of  t h e  i nf est e d  st e ms,  a  si g ni f c a nt  pr o p orti o n  

( 2 0 2 2: 5 7. 1 %, 2 0 2 3: 6 2. 3 %, Fi g. 2) e x hi bit e d l ar v al d a m a g e i n 5 

or m or e i nt er n o d es. W hil e t h e ti mi n g of st e m c oll e cti o n a n d diss e c -

ti o n i n O ct o b er di d n ot all o w f or pr e cis e m e as ur e m e nt of a v ail a bilit y 

of li vi n g W S S l ar v a e, st e ms wit h at l e ast 5 mi n e d i nt er n o d es w o ul d 

li k el y c o nt ai n l ar g e, li vi n g l ar v a e, a n d t h us s u p p ort vi a bl e p ar asit oi ds 

i n l at e J ul y a n d A u g ust of t h e s a m e y e ar. A d diti o n all y, w e f o u n d s e v-

er al s m o ot h br o m e st e ms wit h li vi n g W S S l ar v a e d uri n g o ur O ct o b er 

diss e cti o ns; t h es e l ar v a e m a y h a v e b e e n u n a bl e t o c ut st e ms at t his 

l at e d at e. 

D
o

w
nl

o
a
d
e
d fr

o
m 

htt
ps://

ac
a
d
e

mic.
o
u
p.c

o
m/j

e
e/

articl
e/

1
1
7/

6/
2
3
4
4/

7
8
4
8
5
6
1 

by 
M
o
nt

a
n
a 

St
at

e 
U
niv

ersity - 
B
oz

e
m
a
n 

us
er 

o
n 

2
8 J

uly 
2
0
2
5 

A 

B 
S m o ot h  br o m e 

0. 7 5 
-  S pri n g  w h e at 

> 
O 0. 5 0 
z 

0. 2 5 

M a y J u n J ul A u g S e p 

http://academic.oup.com/jee/article-lookup/doi/10.1093/jee/toae246#supplementary-data
https://academic.oup.com/jee/article/117/6/2344/7848561


2 3 5 0 J o ur n al of E c o n o mi c E nt o m ol o g y, 2 0 2 4, V ol. 1 1 7, N o. 6 

Fi g. 5. Pr o p orti o n of i nf e st e d s m o ot h br o m e i nt er n o d e s e x hi biti n g vi si bl e W S S d a m a g e wit hi n W S S-i n cl u si o n c a g e i nf e st ati o n pl ot s i n Bi g S a n d y a n d M o c c a si n, M T. 

M o nt a n a Fi el d Sit e s 

Pr e ci pit ati o n a n d t e m p er at ur e d at a fr o m o ur s a m pli n g sit es u n d er -

s c or e t h e i m p ort a n c e of c o nti n ui n g t o m o nit or a n d c o ns er v e ar e as 

of  s e mi- n at ur al,  u n m a n a g e d  gr assl a n d.  O ur  5 0- yr  tr e n d  a n al ysis  

ali g ns wit h P e d ers o n et al. ( 2 0 0 9) , i n di c ati n g t h at t h e dr yl a n d a gri-

c ult ur al e n vir o n m e nts f o u n d i n c e ntr al a n d n ort h er n M o nt a n a ar e 

li k el y t o b e c o m e h ott er a n d dr y er o n a v er a g e. O v er t h e p ast 5 0 yr i n 

Bi g S a n d y, pr e ci pit ati o n h as d e cr e as e d b y a n a v er a g e of 0. 1 2 c m p er 

y e ar w hil e t e m p er at ur es h a v e i n cr e as e d b y a n a v er a g e of 0. 0 3 ° C p er 

y e ar. If t h e tr e n d c o nti n u es, b y 2 0 5 0, t h e ar e a c o ul d r e c ei v e 3 c m l ess 

r ai nf all a n d t e m p er at ur es 0. 7 5 ° C w ar m er a n n u all y. 

B ot h a v er a g e pr e ci pit ati o n a n d t e m p er at ur e v ar y wi d el y b et w e e n 

y e ars as b ot h M o c c asi n a n d Bi g S a n d y r o uti n el y e x p eri e n c e dr o u g hts 

a n d p eri o ds of r el ati v e hi g h r ai nf all ( P e d ers o n et al. 2 0 0 9 , We at h er 

U n d er gr o u n d  2 0 2 4 ).  Pr e ci pit ati o n  si g ni f c a ntl y  d e cr e as es  d uri n g  

t h e  p eri o d  aft er  w h e at  h ar v est, J ul y  1 5  t o  S e pt e m b er  1 5, a  p eri o d  

w h e n  s e c o n d- g e n er ati o n  W S S  p ar asit oi d  a d ults  ar e  s e ar c hi n g  f or  

W S S l ar v al h osts ( N els o n a n d F arst a d 1 9 5 3 , S o ms e n a n d L u gi n bill 

1 9 5 6 ),  oft e n  aft er  wi nt er  w h e at  h ar v est.  Mi d-s e as o n  s e n es c e n c e  

of  m a n y  W S S  h ost  pl a nts  c a n  t h e n  l e a v e  s e c o n d- g e n er ati o n  W S S  

p ar asit oi ds  wit h  li mit e d  h ost  r es o ur c es  f or  p er p et u ati n g  t h e  p o p u -

l ati o n.  C o ns e q u e ntl y,  pr ol o n g e d  dr o u g ht,  li k e  s e e n  i n  2 0 2 1  i n  Bi g  

S a n d y  c a n  c a us e  a  d e art h  of  gr e e n  h ost  pl a nts  i n  t h es e  s e mi- ari d  

e n vir o n m e nts t h at c a n b e pr o bl e m ati c f or s e c o n d- g e n er ati o n a d ult 

p ar asit oi ds s e e ki n g h osts. 

Gi v e n t his c o nt e xt, o ur a n al ysis of N D VI at o ur s a m pli n g sit es 

r e v e al e d  t h at  s m o ot h  br o m e  is  p arti c ul arl y  c a p a bl e  of  s ust ai ni n g  

l at e-s e as o n  gr e e ni n g.  W hil e  p ar asitis m  of  l ar v a e  p ost- c utti n g  d o es  

o c c ur at v ar yi n g l e v els ( H ol m es 1 9 7 5 , C ár c a m o et al. 2 0 1 1 , R a n d et 

al. 2 0 1 1 , Sj oli e et al. 2 0 2 4 ), w e f o u n d it t o b e a n e gli gi bl e pr o p orti o n 

of p ar asiti z e d l ar v a e i n o ur st u d y ( S u p pl e m e nt ar y Fi g. 4 ). C o nti n u e d 

gr e e ni n g m a y i n di c at e pr ol o n g e d W S S l ar v al pr es e n c e wit hi n st e ms 

a n d  pr o vi d e  cr u ci al  r es o ur c es  f or  W S S  p ar asit oi ds  d uri n g  y e ars  of  

dr o u g ht  or  dr o u g ht- ass o ci at e d  cr o p  f ail ur e.  I n  t h es e  b uff er  z o n es,  

p ar asit oi ds m a y b e a bl e t o l o c at e W S S l ar v a e i n s uf f ci e nt n u m b ers 

t o  pr e v e nt  t h e  l ar g e  p o p ul ati o n  cr as h es  t h at  c a n  l e a d  t o  s u bst a n-

ti al, l o c ali z e d  i n cr e as es  i n  W S S  p o p ul ati o ns  a n d  s u bs e q u e nt  h e a v y  

cr o p d a m a g e ( H ol m es et al. 1 9 6 3 , H ol m es 1 9 8 2 ). I n a d diti o n, a n-

n u al  c h a n g es  i n  t e m p er at ur e  a n d  pr e ci pit ati o n  c o ul d  h a v e  si g ni f -

c a nt i m p a cts o n t h e ti mi n g of cr o p pr o d u cti o n a n d h ar v est ( Z h u a n d 

B ur n e y 2 0 2 1 ), l e a di n g t o a d diti o n al c h all e n g es f or s e c o n d- g e n er ati o n 

p ar asit oi d a d ults. 

S m o ot h  br o m e  is  a  q u alit y  h ost  of  b ot h  W S S  i niti all y  a n d  

p ar asit oi ds s u bs e q u e ntl y ( Cri d dl e 1 9 2 2 , P eir c e et al. 2 0 2 1 , R a n d et 

al. 2 0 2 4 ), b ut f e w d at a ar e a v ail a bl e o n t h e s e as o n al f u ct u ati o n of 

b ot h  W S S  a n d  p ar asit oi d  us e  a cr oss  ti m e  fr a m es. B e c a us e  w e  c ol -

l e ct e d st e m s a m pl es t wi c e d uri n g t h e gr o wi n g s e as o n, w e w er e a bl e 

t o el u ci d at e b ot h h ost p ot e nti al a n d s u bs e q u e nt p ar asit oi d p ot e nti al 

at 2 i m p ort a nt ti m e p oi nts, t h e e n d of t h e frst g e n er ati o n of p ar a -
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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. Specifcally, 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 feld 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 felds (Fig. 6). This result indicates that 
feld-edge areas containing smooth brome typically provide a greater 
parasitoid source potential, per square meter, than adjacent culti-
vated felds. 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 benefcial natural adversaries 
infltrating 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 specifcally 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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