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Integrated weed management (IWM) for agronomic and vegetable production systems utilizes all
available options to effectively manage weeds. Late-season weed control measures are often needed
to improve crop harvest and stop additions to the weed seed bank. Eliminating the production of
viable weed seeds is one of the key IWM practices. The objective of this research was to determine
how termination method and timing influence viable weed seed production of late-season weed
infestations. Research was conducted in Delaware, Michigan, and New York over a 2-yr period. The
weeds studied included: common lambsquarters, common ragweed, giant foxtail, jimsonweed, and
velvetleaf. Three termination methods were imposed: cutting at the plant base (simulating hand
hoeing), chopping (simulating mowing), and applying glyphosate. The three termination timings
were flowering, immature seeds present, and mature seeds present. Following termination, plants
were stored in the field in mesh bags until mid-Fall when seeds were counted and tested for
viability. Termination timing influenced viable seed development; however, termination method did
not. Common ragweed and giant foxtail produced viable seeds when terminated at the time of
flowering. All species produced some viable seed when immature seeds were present at the time of
termination. The time of viable seed formation varied based on species and site-year, ranging from
plants terminated the day of flowering to 1,337 growing degree d after flowering (base 10, 0 to 57
calendar d). Viable seed production was reduced by 64 to 100% when common lambsquarters,
giant foxtail, jimsonweed, and velvetleaf were terminated with immature seeds present, compared to
when plants were terminated with some mature seeds present. Our results suggest that terminating
common lambsquarters, common ragweed, and giant foxtail prior to flowering, and velvetleaf and
jimsonweed less than 2 and 3 wk after flowering, respectively, greatly reduces weed seed bank inputs.
Nomenclature: Common lambsquarters, Chenopodium album L.; common ragweed, Ambrosia arte-
miisifolia L.; giant foxtail, Setaria faberi Herrm.; jimsonweed, Datura stramonium L.; velvetleaf, Abuti-
lon theophrasti Medik.
Key words: Anthesis, germination, seed bank, seed development, seed set, termination.

Farmers in conventional and organic agronomic
and vegetable production systems rely on cultural,
mechanical, and chemical management tactics to
stop weed emergence, growth, and seed production.
Despite the best efforts of farmers, monetary losses
due to weeds in 2010 were estimated to be over
2.6 billion dollars in the United States (Davis
2013). Weeds that emerge with the crop are the
most competitive and have the potential to produce
thousands of seeds per plant (Bagavathiannan and
Norsworthy 2012). Seeds can persist in the seed
bank from one season to the next, furthering future
weed infestations. Spread of weeds, both within
fields and between fields, often occurs as a result of

seed dispersal and movement (Davis et al. 2005).
Stopping weed seed production is critical to reducing
the spread and the costs associated with all weed
infestations in cropping systems (Bell and Tra-
nel 2010).

In Northeast cropping systems, which include a
variety of agronomic and vegetable row crops, late-
season weed control measures (i.e., mid-July through
harvest) are aimed at reducing future weed infesta-
tions and increasing harvest efficiency because com-
petition with the crop has often already occurred
(McErlich and Boydston 2013). Methods of late-sea-
son control include herbicide applications, hand-
weeding (pulling and hoeing), mowing, and
harvest-time weed seed control (HWSC) systems.
Herbicides applied as harvest aids at the time of
crop maturity desiccate weed foliage and reduce
grain moisture at harvest, but many weeds have
mature seed at this time (Bennett and Shaw 2000;
Griffin et al. 2010). Late-season herbicide applica-
tions can reduce weed seed production. For example,
a single glyphosate application to soybean [Glycine
max (L.) Merr.] later in the season (applied to all
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at the time of pitted morningglory [Ipomoea lacunosa
L.] f lowering) suppressed seed production of pitted
morningglory, barnyardgrass [Echinochloa crus-galli
(L.) Beauv.], Palmer amaranth (Amaranthus palmerii
S. Wats.), prickly sida (Sida spinosa L.), and sickle-
pod [Senna obtusifolia (L.) H. S. Irwin & Barneby]
by 83 to 99% (Walker and Oliver 2008). Pitted
morningglory seed production was also reduced by
a single glufosinate application 14 d before soybean
harvest (Bennett and Shaw 2000), although glufosi-
nate is not currently labeled for use on soybeans at
this timing. Hand-weeding (i.e., pulling or hoeing)
and mowing have been tactics utilized by organic
growers to manage weeds and reduce weed seed
bank inputs for many years (McErlich and Boydston
2013). More recently, hand-pulling weeds and
removing them from the field prior to weed seed
production has become an important tactic for redu-
cing herbicide-resistant Palmer amaranth seed banks
in the southern United States (Riar et al. 2013).
HWSC systems include destroying the weed seed-
bearing chaff fraction at the time of harvest by pul-
verizing the seed (Walsh and Powles 2014) or
removing weed and crop residue containing seeds
after baling or windrowing and burning the residue
(Walsh and Newman 2007; Walsh and Powles
2007). The HWSC systems were developed in Aus-
tralia where widespread herbicide resistance in rigid
ryegrass (Lolium rigidum Gaudin) has devastated
the Western Australian wheat belt for several years
(Llewellyn and Powles 2001; Walsh and Powles
2007). Seed must remain on the standing weeds at
the time of crop harvest for these systems to be
effective.

The time to viable seed formation has been stu-
died in detail for some weed species and is necessary
information for scheduling of late-season weed man-
agement. Seed of dandelion (Taraxacum officinale
G. H. Weber ex Wiggers), jimsonweed (Datura stra-
monium L.), annual sowthistle (Sonchus oleraceus L.),
common groundsel (Senecio vulgaris L.), and tansy
ragwort (Senecio jacobaea L.) were collected from
plants cut off at ground level at flowering through
mature seed formation (Gill 1938). Mature, germin-
able seeds formed in sowthistle, groundsel, and rag-
wort when terminated at flowering; however,
jimsonweed did not produce viable seed when termi-
nated prior to the milk/fruit stage, and dandelion did
not produce viable seed until mature seed formation.
In more recent dandelion research, viable seed was
dispersed 8 to 13 d after the closing of the bracts at
the end of flowering period (Martinkova et al. 2011).

Seed maturation has been studied in some weedy
species more frequently found in the southern Uni-
ted States, including prickly sida, pitted morning-
glory, purple moonflower (Ipomoea turbinata Lag.),
and tall waterhemp [Amaranthus tuberculatus
(Moq.) Sauer]. Prickly sida had viable seed 12 d after
anthesis (Egley 1976), waterhemp 14 d after pollina-
tion (Bell and Tranel 2010), and morningglory spp.
20 d after anthesis (Chandler et al. 1977; Jayasuriya
et al. 2007). Time of flowering for pitted morning-
glory, common cocklebur (Xanthium strumarium
L.), and sicklepod were influenced by photoperiod
and temperature (Senseman and Oliver 1993).
Many weed species are short-day plants with flow-

ering beginning after the summer solstice as day-
length decreases (Deen et al. 1998; Dekker et al.
1996; Huang et al. 2001; Warwick and Black
1988). In greenhouse research, Benvenuti et al.
(1994) reported growing degree day (GDD) require-
ments for flowering and seed formation (defined as
fruits beginning to mature) for johnsongrass [Sor-
ghum halepense (L.) Pers.], jimsonweed, and velvet‐
leaf, and reported that shading lengthened GDDs
by 10%. Seed maturation field studies are limited
for weeds that infest northern U.S. crop production
systems, including grass species. Winter (1960)
reported mature velvetleaf seeds within 20 d of polli-
nation; Anderson (1997) reported 40% seed viability
in longspine sandbur [Cenchrus longispinus (Hack.)
Fern.] at anthesis.
For the weed species studied to date, the 2- to 3-

wk period after anthesis is the critical time for man-
agement interventions to stop weeds from producing
viable seed. However, how the weeds are “stopped”
or “terminated” can influence the time period for
implementing seed bank control. In Western Austra-
lia, Dodd (1989) compared seed development in
blessed milkthistle [Silybum marianum (L.) Gaertn.]
and found that the method of termination affected
the number of seeds reaching maturity. Plants that
were cut off at ground level and chopped into frag-
ments produced fewer mature seeds than plants
that were only cut off at ground level. If viable
weed seed continue to develop on plants that have
been cut, mowed, or treated with a herbicide, farm-
ers might need to apply late-season weed manage-
ment practices earlier than biological studies
indicate. Therefore the objectives of this research
were to determine the reproductive growth stage
(days after anthesis) at which common northern
U.S. summer annual weeds could be terminated
and not produce viable seeds; and secondly, to
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determine if the method of weed termination influ-
enced viable seed production.

Materials and Methods

Field research was conducted at the Michigan
State University Agronomy Farm in Lansing, MI in
2011 and 2012 (MI), the University of Delaware
Carvel Research and Education Center in George-
town, DE in 2012 and 2013 (DE), and the Cornell
University H. C. Thompson Vegetable Research
Farm in Freeville, NY in 2013 and 2014 (NY).
The experiment was designed as a three-way factorial
with 6, 12, and 80/40 replications at MI, DE, and
NY (2013/2014), respectively. Factors included
weed species, termination timing, and termination
method (Table 1).

This study was a collaborative effort within the
Northeast Regional Project NE-1047 Working
Group: “Ecological Basis for Weed Management in
Sustainable Cropping Systems” with methods vary-
ing slightly by location due to personnel and
resource limitations. Weed species studied included:
common lambsquarters (MI only), common rag-
weed (NY only), giant foxtail (MI and DE), jimson-
weed (MI and DE), and velvetleaf (MI and DE).
Weeds were chosen to represent a cross-section of
the most prevalent summer annual weeds in the
Northeast region of the United States. Plants were
selected from naturally occurring fallow areas in
NY and in naturally occurring infestations in corn
and soybean fields in MI. Weeds were germinated
in the greenhouse in DE and transplanted into a soy-
bean field when seedlings were 8 to 15 cm in height.

At each sampling time, plants were chosen to repre-
sent the spectrum of plant sizes (based on height,
number of reproductive structures present, etc.) pre-
sent, and plants were assigned to replications based
on size. The second factor was termination timing
and included: flowering (except common lambsquar-
ters), immature seeds present, and mature seeds pre-
sent (MI and NY only). Determining the onset of
anthesis for weed species can be difficult, particularly
for those with inconspicuous flowers; therefore, the
definition of these timings varied slightly by location
as subsequently described. Flowering plants were
selected with a minimum of 1 open flower plant−1

and no advanced reproductive structures for jimson-
weed and velvetleaf in MI, and with 50% of plants at
flowering in DE. Flowering common ragweed plants
in NY were terminated when 50% of the plants were
flowering. Flowering giant foxtail plants had a single
flower head emerging from the whorl in MI; 50% of
the plants had a fully emerged flower head with
anthers present in DE. Immature weeds were
selected with green or white seeds present and no
brown seeds in MI and NY, and with 50% of the
plants with brown seeds present in DE. Mature
plants were terminated at the initial appearance of
black or fully mature seeds for all species in MI and
NY. Lastly, the third factor was termination method,
and included: cutting at the base of the plant (i.e.,
simulating hand hoeing), chopping the whole plant
into 5- to 20-cm segments (i.e., simulating mowing),
and applying glyphosate. Cut plants in DE and MI
were severed as close to the soil surface as possible
using hand pruners. In NY common ragweed was
pulled, therefore some roots were still attached.

Table 1. Species, termination timing, method descriptions, and replications for study locations in Delaware, Michigan, and New York.

Michigan Delaware New York

Species Common Lambsquarters
Giant foxtail
Jimsonweed
Velvetleaf

Giant foxtail
Jimsonweed
Velvetleaf

Common ragweed

Termination
timing

Flowering One open flower, flower head
emerging from whorl (grass)

50% plants flowering, flower head fully
emerged with anthers present (grass)

50% plants flowering

Immature Presence of green/white seed 50% plants with brown seed Presence of green/
white seed

Mature Presence of some mature seed NAa Presence of some
mature seed

Termination
method

Cut/pulled Cut at soil surface Cut at soil surface Pulled, some roots
attached

Chopped 10-cm segments 15- to 20-cm segments 5-cm segments
Sprayedb 0.07 g ae plant−1 1.12 kg ha−1 1.27 kg ha−1

Replications 6 12 80: 2013; 40: 2014

a In Delaware, termination methods were not applied when mature seeds were present.
b Glyphosate application rate/method.

114 . Weed Science 64, January–March 2016

https://doi.org/10.1614/WS-D-15-00096.1 Published online by Cambridge University Press

https://doi.org/10.1614/WS-D-15-00096.1


Chopped plants were cut at the soil surface and then
further cut using the hand pruners into segments 5
cm, 10 cm, or 15 to 20 cm in length in NY, MI,
and DE, respectively. Glyphosate was applied as a
0.07 g ae plant−1 in MI and at a rate of 1.12 kg
ha−1 and 1.27 kg ha−1 in DE and NY, respectively.
Following termination, plants were either stored in
no-seeum mesh bags (Outdoor Wilderness Fabrics,
Nampa, ID) lying between rows of a soybean field
(cut and chop) or were staked to remain standing
and enclosed in a mesh bag (glyphosate application).
Bags were retrieved in mid-fall of each year (mid-
October in DE and NY, early-November in MI)
and dried in the greenhouse. Upon collection, bags
often were dirty from rain splatter and fallen soybean
debris, the weeds inside the bags appeared comple-
tely desiccated, and rarely were samples visibly
moldy. Growing season and in-field storage condi-
tions (temperature and precipitation) for each site-
year can be found in Table 2. After drying samples
in the greenhouse, all intact, full seeds were counted.
Viability was then tested to determine the total num-
ber of viable seeds. In all locations, seed viability was
determined through germination, followed by tetra-
zolium/pressure testing, and included dormant seeds
in the total number of viable seeds (Gomez et al.
2014; Hill et al. 2014). In DE and MI, up to 100
seeds plant−1 were germinated in the dark at a con-
stant temperature of 25 C (Hill et al. 2014). In
NY, common ragweed seeds were first placed on
moist filter paper in a cooler at 5 C for 4 wk to break
dormancy. Seeds were then germinated in growth
chambers with an alternating schedule of 16/8 hr
dark/light at 20/30 C for 2 wk (Andersen 1968).
In MI and NY, seeds that did not germinate were
subject to tetrazolium chloride testing using a 0.5%

solution (Peters 2000) and in DE seeds that did
not germinate were pressure tested with forceps.
The number of viable seeds (germinated + dormant)

produced were analyzed in SAS 9.3 (SAS version 9.3,
Institute Inc., Cary, NC) using theMIXED procedure
to test for differences among both termination timing
and method. Variance assumptions were checked
using the UNIVARIATE procedure. The data sets
were log-transformed after adding a constant (i.e.,
1.1) to compensate for the large number of zero values.
Mean separation was conducted using Fisher’s Pro-
tected LSD (P# 0.05) and back-transformed data
are presented. Variations among locations and years
lead to multiple interactions; therefore, each species
by site-year are presented separately.

Results and Discussion

Hoeing, mowing, and applying glyphosate resulted
in similar viable seed production for all weed species
across all timings (P. 0.05, data not shown). This
is in contrast to Dodd’s research on variegated thistle
(Dodd 1989), where cut-only plants produced more
viable seeds, compared with plants cut and chopped.
Glyphosate applied as a preharvest desiccant prior to
soybean physiological maturity reduced germination
of soybean (Azlin and McWhorter 1981) and sickle-
pod seed (Bennett and Shaw 2000). The glyphosate
application in our research might have produced
results similar to the mow/chop treatment because
both methods rapidly stop the translocation of photo-
synthates (Shaner 2009).
Termination timing influenced viable seed pro-

duction for all weed species. Jimsonweed and velve-
tleaf did not produce viable seed when terminated
at the time of flowering; single open flower or 50%

Table 2. Local weather conditions in Michigan (MI), Delaware (DE), and New York (NY) during the period of the study, May to
October/November. Weed terminations generally began in late July to early August, with field storage ending in mid-October (DE
and NY) or early November (MI).

May June July August September October November

Location Year Ta Pb T P T P T P T P T P T P

MI 2011 20/10 14 25/14 4 30/18 13 27/13 8 21/11 7 17/5 8 11/1 6
2012 23/10 6 27/14 3 31/18 4 27/14 5 23/10 6 15/5 9 8/−2 1
30-yr. avg. 21/8 8 26/13 8 28/15 8 27/14 8 73/9 9 23/4 7 8/−1 7

DE 2012 24/14 8 28/16 3 32/21 5 29/20 13 25/14 8 20/8 22 — —
2013 22/13 6 28/18 27 30/21 15 27/18 15 25/12 2 20/10 14 — —
30-yr. avg. 23/12 9 28/17 12 31/20 11 29/19 9 26/15 10 20/9 9 — —

NY 2013 32/−4 7 31/3 7 32/8 8 29/6 19 31/0 8 27/−3 9 — —
2014 29/−1 8 29/6 16 31/7 10 28/6 13 29/1 7 24/−3 7 — —
30-yr. avg. 20/6 4 24/12 4 27/14 4 26/14 4 22/9 4 15/4 4 — —

a Average monthly temperatures (T) maximum/minimum in degrees C.
b Total monthly precipitation (P) in cm.
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of plants flowering (Table 3). Common ragweed
produced some viable seeds when terminated at
50% of plants flowering; however, viability was low
at 14 and 21% for 2013 and 2014, respectively.
Giant foxtail also produced viable seeds when termi-
nated at flowering. Plants terminated with flower
heads still emerging from the whorl in MI resulted
in , 10 viable seeds plant−1. Fully emerged flower
heads with anthers present in DE resulted in an aver-
age of 232 and 1,198 viable seeds plant−1 in 2012
and 2013, respectively. Common lambsquarters
was not collected at flowering because of the diffi-
culty in distinguishing between plants that were
solely flowering and those that possessed some
immature seed. Johnsongrass, jimsonweed, and vel-
vetleaf produced viable seed when terminated 350,
370, and 260 GDD (base 10 C) after flowering in
the greenhouse (Benvenuti et al. 1994). In our
research, termination times resulting in viable seed
formation ranged from 0 to 151 GDD after flowering

for giant foxtail (base 10, up to 14 d; 0 GDD indicates
that plants terminated on the day of flowering had
viable seeds present upon collection in the fall),
from 232 to 1,337 GDD (up to 57 d) for jimson-
weed, and 142 to 374GDD (up to 13 d) for velvetleaf
(Table 4). The breadth of the ranges observed in this
study is likely the result of timing collections based on
the appearance of the seed (i.e., white/green5 imma-
ture), as opposed to timing collections based onGDD
or calendar days. For jimsonweed and velvetleaf in
DE, the GDD from flowering to viable seed produc-
tion might have been higher than in MI and previous
greenhouse research because plants were transplanted,
and in part because GDD accumulated more rapidly
in DE than in MI (Tables 2 and 4).

All weed species studied produced viable seeds
when terminated with immature seed present. How-
ever, terminating weeds at the immature stage in MI
reduced inputs to the seed bank by 64 to 100%,
compared with waiting until the onset of maturity

Table 3. Total number of viable seeds produced by common Northeastern summer annual weeds terminated at three different growth
stages, pooled across termination methods and seedbank reduction based on terminating weeds at the immature seed stage compared to
waiting until some mature seed were present.

Species Termination timinga Seedbank reduction
Location/Year Flowering Immature Matureb immature vs. mature

–––––––––––––––– (average viable seeds) plant−1 –––––––––––––––– %
Common lambsquarters

MI 2011 — 35 ¡ 18 a 6,817 ¡ 1,288 b 99.4
MI 2012 — 6 ¡ 2 a 12,279 ¡ 1,438 b 100.0

Common ragweed
NY 2013c Y Y Y —
NY 2014c Y Y Y —

Giant foxtail
MI 2011d 5 ¡ 2 69 ¡ 28 191 ¡ 34 63.9
MI 2012 0 ¡ 0 a 10 ¡ 9 a 925 ¡ 327 b 98.9
DE 2012 232 ¡ 111 — 4,229 ¡ 330e —
DE 2013 1,198 ¡ 418 a 7,611 ¡ 879 b 16,003 ¡ 1,210e —

Jimsonweed
MI 2011 0 ¡ 0 a 264 ¡ 67 b 2,486 ¡ 552 c 89.4
MI 2012 0 ¡ 0 a 111 ¡ 44 b 6,093 ¡ 1,184 c 98.2
DE 2012 0 ¡ 0 a 1,291 ¡ 168 b 1,100 ¡ 108e —
DE 2013 0 ¡ 0 a 3,084 ¡ 371 b 2,780 ¡ 277e —

Velvetleaf
MI 2011 0 ¡ 0 a 0 ¡ 0 a 123 ¡ 14 b 100.0
MI 2012 0 ¡ 0 a 49 ¡ 12 b 607 ¡ 112 c 91.9
DE 2013c N Y Y —
a The values after the means represent the standard errors. Different letters within each row indicate significant differences among the

means in that site-year (P# 0.05).
b In Michigan, mature plants were terminated when some mature seed was present using the three methods.
c Abbreviations: N, no viable seed was produced; Y, yes, viable seed was produced (however, total seed numbers are not available).
d An interaction between termination timing and method was observed: hoed, fewer viable seeds at flowering, immature and mature

were NS; mowed, each stage had more seeds than the previous; sprayed, no difference among flowering and immature, both fewer than
mature.

e In Delaware, mature plants were allowed to reach physiological maturity in the absence of termination and therefore were not
included in the statistical analysis.
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(Table 3). Seedbank inputs by sicklepod and leafy
spurge (Euphorbia esula L.) were reduced when her-
bicides were applied at the early reproductive stages
compared with treating plants with some mature
seed (Al-Henaid et al. 1993; Issacs et al. 1989; Tay-
lor and Oliver 1997).

Common lambsquarters and common ragweed
emerge early in the spring, whereas giant foxtail
and velvetleaf emerge slightly later. All of these spe-
cies flower following the summer solstice and begin
to develop seeds from late June through the remain-
der of the season (Deen et al. 1998; Dekker et al.
1996; Huang et al. 2001; Myers et al. 2004; War-
wick and Black 1988). Early-season weed control is
important for reducing crop–weed competition; ter-
minating escaped weeds is critical to reduce the seed
bank additions, particularly for early weed cohorts (i.
e., those emerging earliest) that have the highest seed
production potential. Our research has shown that
seed bank additions can be avoided by terminating
common lambsquarters, common ragweed, and
giant foxtail prior to flowering, whereas jimsonweed
and velvetleaf must be terminated within 2 wk of
flowering. Information on the timing of emergence
and reproductive development (i.e., flowering and
seed viability) of weed species in the northern United
States is important for developing mechanistic mod-
els to describe weed crop competition (Huang et al.
2001), and will aid farmers in stopping the spread
of herbicide-resistant and susceptible weed species.
Developing guidelines for farmers to remove weeds
following flower initiation will improve timing of
weed control measures and stop the production of
viable seeds in integrated weed management systems.
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