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Abstract

Traditional breeding technology is currently being used to develop grain sor-
ghum [Sorghum bicolor (L.) Moench ssp. bicolor] germplasm that will be tol-
erant to acetolactate synthase (ALS)-inhibiting herbicides. This technology
(Inzen™, DuPont™) has the potential to improve sorghum production by al-
lowing for the postemergence control of traditionally hard-to-control grasses.
However, grain sorghum and shattercane [weedy Sorghum species; Sorghum
bicolor (L.) Moench ssp. drummondii (Nees ex Steud.) de Wet ex Davidse] can
interbreed and introduced traits such as herbicide tolerance could increase
the weediness of the weedy relative. Our objective was to develop a simulation
model to assess management options to mitigate risks of ALS-resistance evo-
lution in shattercane populations in US sorghum production areas. Assuming
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a single major gene confers resistance and gene frequencies change according
to the Hardy-Weinberg ratios we constructed a stage-structured (seedbank,
plants) matrix model with annual time steps. The model explicitly considered
gene flow from Inzen plants to shattercane populations. The management strat-
egies considered in the model were: a) continuous sorghum, b) sorghum fol-
lowed by (fb) soybeans and c) sorghum fb fallow fb winter wheat, where pos-
temergence ALS-inhibiting herbicides were only used in Inzen years. During
sorghum years two options were tested: continuous Inzen and Inzen fb con-
ventional sorghum, for a total of six management strategies. The parameter
values used in the model were obtained from our research, the literature, and
expert opinion. For each management strategy we ran deterministic and sto-
chastic simulations (with stochastic levels of herbicide efficacy). The time for
resistance evolution was predicted to decrease with increased cropping system
complexity (more crop diversity than continuous production of Inzen). Evolu-
tion of resistance was predicted to occur rapidly if Inzen sorghum is planted
continuously because of high selection pressure (ALS-inhibiting herbicide ap-
plication) and crop-to-weed gene flow. Rotating Inzen with conventional sor-
ghum did not assist with shattercane management. Rotating Inzen with non-
sorghum crops where effective herbicide options are available assisted with
keeping shattercane density at low levels while postponing resistance evolu-
tion to some extent. Crop and herbicide rotation will be key strategies for shat-
tercane management in Inzen sorghum.

Keywords: Crop-to-weed gene flow, Weedy relative, Herbicide-tolerant grain
sorghum, Herbicide-resistance

1. Introduction

Grain sorghum is economically ranked as the fifth most important cereal
crop in the world after wheat (Triticum aestivum L.), rice (Oryza sativa
L.), corn (Zea mays L.), and barley (Hordeum vulgare L.), and is the third-
most common cereal planted in the US, trailing corn and wheat (DeFe-
lice, 2006; USDA-NASS, 2016). Sorghum is a warm season C4 grass spe-
cies that is highly efficient in the conversion of solar energy and use of
water. Sorghums are cultivated throughout the world for grain, fodder,
syrup, and biofuel production. In the US, the crop is primarily used for
livestock feed and is ranked second after corn for ethanol production
(Paterson, 2008). In spite of the agronomic potential and food value of
grain sorghum, the number of acres of sorghum production has declined
in many parts of the US (USDA-NASS, 2016), in part because the number
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of herbicide options for weed management in sorghum is limited. Most
post-emergence herbicides labeled for grain sorghum are effective on
broadleaf weed species but have only limited activity on annual grasses.
Consequently, soil applied herbicides are the primary option for annual
grass control in grain sorghum (Hennigh et al., 2010). However, grain
sorghum is often grown in dry environments and the absence of ade-
quate soil moisture often reduces the activation and efficacy of soil ap-
plied herbicides (Hennigh et al., 2010).

Acetolactate synthase (ALS)-inhibiting herbicides, also known as ace-
tohydroxyacid synthase (AHAS)-inhibitors, are commonly used to con-
trol grass weeds in certain broadleaf and grass crops (Hennigh et al,,
2010). However, conventional grain sorghum is susceptible to ALS-in-
hibiting herbicides that have grass activity. In 2004, a shattercane pop-
ulation exhibiting resistance to ALS-inhibiting herbicides was identified
in Kansas. Using conventional breeding, a project was then initiated by
scientists at Kansas State University with the objective to introgress the
ALS-resistant gene from the shattercane population into grain sorghum
germplasm and ultimately commercialize grain sorghum varieties with
tolerance to ALS-inhibiting herbicides (Tuinstra and Al-Khatib, 2008).
DuPont® has acquired the license of the ALS-inhibiting herbicide toler-
ance trait from Kansas State University and has branded the technology
as ‘Inzen’. Nicosulfuron (Zest™; herbicide in the sulfonylurea family),
an effective active ingredient for the control of weedy annual grasses, is
the herbicide intended to be labeled for the technology. The ALS-toler-
ant grain sorghum varieties are expected to be on the market in 2017
(Saunders D. W. and K. L. Carlson, personal communication). This tech-
nology has the potential to improve weed control options in grain sor-
ghum production by allowing for post-emergence control of grass weeds
(Hennigh et al., 2010). Moreover, the technology has strong potential to
increase the use of grain sorghum in crop rotations and expand its pro-
duction in environments where grain sorghum is better adapted than
corn, but where corn is typically cultivated because of the availability of
more herbicide options.

Despite the potential of the Inzen technology, the co-existence of
sympatric weedy relatives poses some threats to its adoption and po-
tential lifespan. The main concerns are i) crop-to-weed gene flow that
would increase the frequency of the ALS-resistance allele in sympatric
weedy populations, ii) the difficulty of controlling weeds that are already
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ALS-resistant and iii) selection for additional resistant biotypes due to
overreliance on the technology. Shattercane is a troublesome weedy sor-
ghum in agronomic crops in the USA, especially in grain sorghum pro-
duction (Hans and Johnson, 2002; Kegode and Pearce, 1998). Shatter-
cane is a wild sorghum relative with many similarities to grain sorghum.
Shattercane and grain sorghum are both diploid (2n = 2x = 20), sexually
compatible, and may be cross-pollinated by wind, which can result in hy-
bridization where flowering synchrony occurs (DeFelice, 2006; Sahoo
etal, 2010; Schmidt et al.,, 2013). Thus, there is apparently no barrier to
prevent the transfer of nuclear alleles from sorghum to shattercane (Sa-
hoo etal,, 2010; Schmidt et al., 2013). Sahoo et al. (2010) reported that
shattercane x sorghum hybrids had similar ecological fitness to the wild-
type parents with respect to several metrics (i.e., biomass and seed pro-
duction). This indicates that any neutral or beneficial trait would likely
persist in the weedy relative infesting agricultural fields, even in the ab-
sence of selection.

Due to the lack of new herbicide sites-of-action and increased reports
of herbicide-resistant weeds, resistance management has become the
most concerning topic in the field of Weed Science (Heap, 2016; Nor-
sworthy et al., 2012). Simulation models of weed genetics and popula-
tion dynamics have been developed to predict herbicide resistance evo-
lution over time and have provided valuable insight on understanding
the risks of resistance evolution and the importance of diversified strat-
egies for delaying and managing herbicide-resistance (Bagavathiannan
etal, 2013, 2014; Gressel and Segel, 1978; Jasieniuk and Maxwell, 1994;
Maxwell et al., 1990; Neve et al., 2011a,b; Renton et al., 2011). These
models have focused on genetics and dynamics of species that are not
related to crops. To our knowledge, no risk assessment model has been
developed to explore population genetics and dynamics in response to
several management strategies where a weedy relative poses a threat
to the adoption of a novel herbicide tolerant crop because of pollen-me-
diated gene flow, which may certainly expedite resistance evolution in
the weedy relative.

Risk assessment models provide a means to compare management
strategies without the need for long-term and often, impractical field
studies (Neve, 2008). They also provide valuable insight in areas where
genetic, biological, and ecological knowledge is lacking and indicate
where future research efforts should be focused. In the era of genetically
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modified crops, whether developed by genetic engineering or conven-
tional breeding, risk assessment models have become a valuable tool to
support regulatory agencies with their decisions and policies, and in-
dustry with their stewardship programs.

We expect that continuous production of herbicide-tolerant sorghum
will result in rapid fixation of the resistance allele in shattercane popu-
lations because crop-to-weed pollen-mediated gene flow and high selec-
tion pressure will favor individuals carrying the resistance trait. Since
crop and herbicide rotation are claimed as important strategies to post-
pone evolution of resistance (Neve, 2008; Norsworthy et al., 2012), our
working hypothesis is that more diversified management strategies will
lead to more stable cropping systems where evolution of resistance will
occur more slowly and population density of the weedy relative will re-
main at tolerable levels. Thus, our objective was to develop a simulation
model to assess management options to mitigate risks of ALS-resistance
evolution in shattercane populations in US sorghum production areas
where the Inzen technology is likely to be adapted after its commercial
deployment. We anticipate that our model will provide valuable insight
on resistance management in Inzen sorghum technology and can also
be used for risk assessment of novel traits in grain sorghum and other
crops that have weedy relatives (e.g., rice [Oryza sativa L.], sunflowers
[Helianthus annuus L.]).

2. Methods
2.1. Model description

We constructed a density dependent, stage-structured matrix model
with annual time steps (Caswell, 2001). We assumed weed plants to be
at pre-flowering stage at population census (prebreeding census) and
seed production and shattering to take place afterwards. The core struc-
ture of our model was based on: i) weed demography, ii) genetics and
inheritance of the resistance trait, and iii) crop and weed management
strategies. The model accounted for two stage classes: viable weed seeds
in the seedbank (SB) and established weed plants (P). In our model, sur-
viving seeds that did not germinate remained seeds in SB (SB — SB), and
surviving seeds that germinated became P (SB — P). Surviving plants (P)
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Fig. 1. Annual weed life cycle graph. The arrows indicate the transition rates between
seedbank and plant stages.

produced seeds. The newly produced seeds that did not germinate be-
fore the next population census were added to SB (P = SB), and those
that did geminate were added to P (P — P, Fig. 1).

2.1.1. Weed demography

We assumed that new seeds produced at the end of the season are vi-
able with probability s, ,, survive predation with probability S pred and
survive the winter with probability s ,,,. We assumed predation to im-
pact only new seeds. Surviving seeds either germinate with probabil-
1Y S germ and become young plants during early season, or stay viable in
the seedbank with probability (1 - sgerm), survive microbial seed decay
during the season with probability s, , and represent the seedbank at
next census. Young plants survive herbicide treatment with probability
(1-p,,;) and become established plants at next census. Plants at cen-
sus produce Prec number of new seeds. At next census new seeds con-
tribute to SB if they do not germinate and remain viable or contribute to
P if they germinate and become established plants. When compared to
other 22 summer annual weed species, shattercane seedlings emerged
in a relative short period of time (Werle et al., 2014a). The model has
annual time steps, so the mortality due to herbicide application can be
considered the average for the shattercane cohort. This average con-
siders that at herbicide application the smaller seedlings have a slightly
higher mortality than the larger seedlings. Most parameter estimates
used in our model are based on research conducted in Nebraska. When
not available, we used parameter estimates from published data on sim-
ilar species, extension bulletins, unpublished data, or based on expert
opinion (Tables 1 & 2).
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2.1.1.1. Density-dependent seed production. Plant fecundity (pfec; seeds
plant™1) in weed population models has been estimated using the hyper-
bolic competition function, which uses the weed and crop density as ex-
planatory variables and assumes seed production to achieve an asymp-
tote at high weed densities (Firbank and Watkinson, 1985; Renton et al.,
2011). We modeled Pfec 3S follows:

s k. d

max w-w

Pre™ 4 (A +k,d +k.d) 8

where s, is the maximum seed production (seeds m2), k, represents
weed competitiveness, k represents crop competitiveness, d , is the
weed density (plants m~2), and d, is the crop density (plants m~2).

Since no data on density-dependent seed production were available
for shattercane, we visited sorghum, soybean, and fallow fields infested
with shattercane in the eastern part of Nebraska in the fall of 2014 (R.
Werle, unpublished data). Briefly, we determined shattercane density
using a counting quadrat (0.3 by 0.3 m) and harvested, processed and
counted seeds within the demarked area. Crop density (plants m~2) at
each site was also recorded. According to our data, shattercane plants
have the ability to produce more seeds under fallow than cropped con-
ditions and similar amount of seeds were produced in sorghum and soy-
bean fields (Fig. 2).

Since no difference was detected in shattercane seed production in
sorghum and soybean fields, we accounted k.and d,.as one parameter
(kd ; Table 1 and Fig. 2). We used the parameter values estimated for
the hyperbolic competition function (Eq. 1) for the density-dependent
seed production function in the model. Dec Was the only density-depen-
dent mechanism included in our model. Using the p, estimated from
our field data (Eq. 1), we assumed that all shattercane plants produced
the same amount of seeds given a certain density. The model has an-
nual time steps, so Pfec €aN be considered the average for the shattercane
cohort. This average considers that early emerging individuals have a
slightly higher p,.than the later emerging individuals.
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Fig. 2. Density-dependent shattercane seed production under fallow (A) and cropped
conditions (B; soybeans and grain sorghum). Names represent the closest cities
in Nebraska from each field where shattercane samples were collected from. y =
(80510%0.1277*x)/(1 + 0.1277*x + dk ), where dk_= 0 and 3.1052 for fallow and crop,
respectively. The “95% Interval” (dashed lines) represents the 95% prediction interval
estimated using a log-normal sampling distribution (In[seeds]~N(w,0)) around the hy-
perbolic competition function (Eq. 1) with a standard deviation set to 0.2.

2.1.2. Genetics and inheritance of the resistance trait

2.1.2.1. Inheritance of ALS-resistance. We modeled ALS-resistance as a
single completely dominant gene with two alleles (i.e., homozygous and
heterozygous resistant individuals equally tolerant to ALS-inhibiting
herbicide at field application rate). Resistance to ALS-inhibiting herbi-
cides is typically conferred by a single, nuclear-encoded gene that is ei-
ther dominant or partially dominant, resulting in a dominant inheri-
tance pattern (Preston and Mallory-Smith, 2001). Therefore, dominant
homozygous and heterozygous plants are likely to survive ALS-inhibit-
ing herbicide treatment. ALS-tolerant sorghum (hereafter referred to as
“Inzen”) carries the Trp574Leu mutation in the ALS gene (Tuinstra and
Al- Khatib, 2008), which confers high levels of resistance to herbicides
in the sulfonylurea and imidazolinone families (Tuinstra and Al-Khatib,
2008; Werle et al., 2013, 2016). Under field and greenhouse conditions,
shattercane x Inzen F1 hybrids were tolerant to ALS-inhibiting herbi-
cides and herbicide application did not reduce F1 hybrid growth (Werle
etal, 2013, 2014b).

70
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For our model, we assumed the mutation present in Inzen sorghum
to be the only type of resistance allele conferring resistance to ALS-in-
hibiting herbicides in shattercane. However, there are eight confirmed
sites of ALS gene mutation in different weed species that confer resis-
tance to ALS-inhibiting herbicides (Ala,,,, Pro,q,, Ala, s, Asp-., Args,-,
Trpc,, Serges, and Gly,c,) (Tranel et al., 2016). At each site, multiple
amino acid substitutions are possible. The specific amino acid substi-
tution at each site may confer different types and levels of resistance
to different ALS herbicide families (Tranel et al., 2016). The ALS-resis-
tance alleles only confer resistance to ALS-inhibiting herbicides and
not to other herbicide sites of action such as EPSPs- and/or ACCase-
inhibiting herbicides (glyphosate and clethodim, respectively), which
are commonly used herbicides in non-sorghum years. Monogenic target
site mutation has also been reported to confer resistance to other her-
bicide modes of action (i.e., resistance to EPSPs inhibitors, resistance to
ACCase-inhibitors). Therefore, our modeling framework could also be
used to predict resistance evolution to other herbicide modes-of-action
in case grain sorghum with novel herbicide tolerance traits conferred
by single genes become available in the future. Moreover, our modeling
framework could also be adapted for other crops that have weedy rela-
tives (i.e., rice, sunflowers).

2.1.2.2. Genotypic distribution. We classified shattercane seeds and plants
into genetically differing biotypes: ALS-homozygous resistant (RR), ALS-
heterozygous resistant (RS), and ALS-homozygous susceptible (SS). We
assumed gene frequencies across generations to change according to
the Hardy-Weinberg ratios (Roughgarden, 1998). We calculated the to-
tal frequency of the resistance allele in the population (p,) at census
(considering SB and P) as an indicator of resistance evolution over time
(Roughgarden, 1998):

_ SBppit+ /25Bpgi+ Pppi+ V2 Prg;
SBppi*+ SBpgi+ SBggi+ Pppit+ Ppgi+ Py (2)

bi

where i represents the year, SBg;, SBg, SBg, represent the number of
RR, RS, and SS seeds, and Py, P, P, represent the number of RR, RS,
and SS plants at census, respectively.
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2.1.2.3. Mating and crop-to-weed gene flow. According to Hardy- Wein-
berg, the frequency of the resistance allele among recruits (new indi-
viduals) produced after census (year i + 1) equals the frequency of the
resistance allele in established plants at census (year i). However, pol-
len-mediated gene flow (g) from crop to weed will influence the allele
frequency in recruits and thus, needs to be accounted for. Our model ex-
plicitly considered gene flow from conventional sorghum plants (here-
after referred to as “sorghum”) and Inzen plants to shattercane popu-
lations. The ALS-resistance allele is fixed in Inzen sorghum, absent in
conventional sorghum, and is assumed to be rare in shattercane popula-
tions prior to Inzen adoption and in the absence of selection by ALS-in-
hibiting herbicides in other crops (i.e., corn and soybeans) (Preston and
Powles, 2002). Crop to weed gene flow (g) was estimated from Schmidt
et al. (2013), who quantified in situ shattercane x sorghum hybridiza-
tion. According to Schmidt et al. (2013) in situ hybridization of neigh-
boring plants varied from 0.02 to 0.25 with a mean proportion of 0.16.
In hybrid lines half of the ancestry is from shattercane and half from sor-
ghum; therefore, g was estimated by dividing the hybridization rate re-
ported by Schmidt et al. (2013) by two (Table 1). Gene flow from adja-
cent fields during non-grain sorghum years was not considered in this
version of the model. Hence, our model provides a conservative estimate
of the speed of resistance evolution.

Following Hedrick (2011), we used Wright’s “Continent-Island” model
(1969) to account for pollen-mediated crop-to-weed gene flow and es-
timated the frequency of the resistance allele in shattercane recruits
(p3,q) as follows:

1,
Ppri+ 2Ppg;

Pppit Ppgi+ Pgg;

Pia= ( ) (1-9)+ 9(Perop)

RRi (3)
where Dcrop TEPTESENES the frequency of the resistance allele in the crop
planted at year i (p,,,, = 1 during Inzen [homozygous resistant] and
Perop =0 during sorghum [homozygous susceptible] years). p?,; is in-
creased after planting Inzen and is decreased after planting sorghum
because of g. Differing from p, estimated by Eq. (2), p,, is estimated us-
ing exclusively the number of plants within each genotypic category at
time 7 and g. The p in seeds at time i will not influence p},; because seeds
will not produce new seeds nor change their genotype.
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2.1.3. Crop and weed management strategies

2.1.3.1. Management strategies. One of our objectives was to evaluate
how different management strategies or herbicide-crop rotation pro-
grams could assist growers in postponing the evolution of ALS-inhibiting
herbicide resistance in shattercane populations as well as keeping shat-
tercane population density at low levels. For that, we conducted a survey
with University Extension experts across the US sorghum production ar-
eas (Illinois, Indiana, Kansas, Missouri, and Nebraska) to assess the most
common crop rotation strategies where sorghum is included and shat-
tercane is a problematic weed species. According to expert opinion, the
following are commonly used crop rotation schemes in these regions:

a) Continuous sorghum.

b) Sorghum followed by (fb) soybeans (areas where water is not
a major limiting factor).

c) Sorghum fb fallow fb winter wheat (hereafter referred to as
“wheat”; areas where water availability is limited).

Since the Inzen technology will soon become available to grain sorghum
growers, we decided to exploit two options during grain sorghum years:
continuous Inzen and Inzen fb sorghum. Thus, the following six manage-
ment strategies (strat-) were considered in our model:

strat-1) continuous Inzen.

strat-2) Inzen fb sorghum.

strat-3) Inzen fb soybean.

strat-4) Inzen fb soybean fb sorghum fb soybean.

strat-5) Inzen fb fallow fb wheat.

strat-6) Inzen fb fallow fb wheat fb sorghum fb fallow fb wheat.

2.1.3.2. Weed control parameters. Shattercane plant survival (1 - p_,,) at
time i within the model depended on the genotype of the established
plants, the crop planted, and whether and which herbicides were ap-
plied before crop emergence (PRE) and/or after crop emergence (POST).
We assumed PRE plant control with glyphosate to be used in Inzen and
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sorghum years. Proportion of shattercane seedlings that can be con-
trolled prior to sorghum planting largely varies from year to year and
is dependent on early-season weather conditions, time of shattercane
emergence, and crop planting date. According to expert opinion, 40-
80% of total shattercane emergence may occur prior to crop planting,
which represents the proportion of plants likely to be controlled with
a PRE plant (p_,pre) herbicide. POST herbicides (p,,;posr) Were used
in soybeans (glyphosate + clethodim) and Inzen (nicosulfuron; only ef-
fective on SS plants). In fallow-wheat systems, glyphosate applied PRE
was used in the fallow period before wheat planting (which takes place
in September) and POST harvest glyphosate application was used after
wheat harvest (which takes place in June). Thus, in season shattercane
survival (1 -p_.,) = (1 = poripre) (1 = Parripost)- We obtained weed con-
trol data for each crop-herbicide program from extension publications
and expert opinion (Table 2; Knezevic et al., 2016; Roeth et al., 1994;
Thompson et al.,, 2016).

2.1.3.3. Management strategy ranking. We evaluated the frequency
of the resistance allele (p; Eq. 2), and the total shattercane plant
(P =Pgg+ Prs+ Pg) and seed (SB = SByp + SBg + SB) densities in year
13 because all six management strategies included Inzen in that year.
Based on p, 5, P,5, and SB,;, strategies were ranked from best to worst.
The best strategy had the lowest p,,, P,5, and/or SB ;.

2.2. Development of matrix model structure

We constructed a stage-structured model that considered three differ-
ent genotype categories (RR, RS, and SS) for each life history stage (P
and SB) resulting in six stages/categories (Fig. 3). The population struc-
ture can be represented as a vector n, specifying the number of individ-
uals in the different stages and genotypes at time i. The model predicts
the evolution of n; over time using the following steps: first, the model
kept track of the number of seeds produced by each genotype (fecun-
dity matrix, F), then the resulting seeds were distributed into the differ-
ent genotype categories according to the Hardy-Weinberg ratios (mat-
ing matrix, H), and lastly the fate of the seeds of the different genotypes
was determined (recruitment matrix, R). So,

n,, =R, H,F,n (4)

+1 70 +1 i+l

The n vector and F, H and R matrices are displayed in Fig. 3.
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Ri+l L 0

n'= | SBgr, SBrs, SBss, Prr, Pas, Pss
1 0 0 0 0 0
0 1 0 0 0 0
Fir= 0 0 1 0 0 0
0 0 0 Pfec Sviab Spred Pfec Sviab Spred DPfec Sviab Spred
0 0 0 0 0 0
0 0 0 0 0 0
1 0 0 0 0 0
0 1 0 0 0 0
Hivr = 0 0 1 0 0 0
0 0 0 ( Pi'ol ¥ 0 0
0 0 0 Z(P;l)(l'Pi.u) 0 0
0 0 0 (1- pi.ol )2 0 0
Saurvw (1-Sgerm) Ssurvs 0 0 Ssurow (1-Sgerm) Ssurvs 0
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Ssurvw (1-Sgerm) Ssurvs 0
SsurvW Sgerm (1-Per) 0 Ssurvw Sgemm (1-Pernt) 0
SsurvW Sgerm (1-Pent) 0 SsurvW Sgerm (1-Pera)
0 0 Saurvw Sgerm (1-Pernt) 0 0

0
0
SsurvW (1-Sgerm) Ssurvs

0

SsurvW Sgerm (1-Pern)

Fig. 3. Matrix model structure. The population vector (n,") specifies the number of in-
dividuals in the different stages at time i where T indicates transpose; Fecundity ma-
trix (F) keeps track of the number of seeds produced by individual plants within each
genotype category; Hardy-Weinberg or mating Matrix (H) distributes new seeds into
the different genotype categories according to the Hardy-Weinberg ratios; Recruit-
ment matrix (R) determines the fate of all individuals in the model. Model parameters
are described in Tables 1 and 2.

2.2.1. Programing language
The programming language used for model construction was R version
2.15.1 (R Foundation for Statistical Computing, Wien, Austria).

2.3. Deterministic model

The deterministic model simulated resistance evolution and popula-
tion density for all management strategies proposed for a period of 20
years assuming parameter values remained constant over time (Ta-
bles 1 and 2). We envisioned a scenario where shattercane seeds were
present in the seedbank at a relative low density and the frequency of
the resistance alleles in the source population to be low because Inzen
had not been previously used and reliance on ALS-inhibiting herbicides
had been low. As our initial conditions (census at year 0), fields were
in fallow and we assumed 20 seeds m~2to be present in the seedbank
with no established plants (SBgg = 0, SBps=0.0004, and SBgs= 19.9996;
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SBgg + SBgs + SBgg = 20 seeds m™2 and Pyp + Ppg + Pog = 0 plants m™2),
whereas the initial frequency of the resistance allele in the seedbank
was set to 1 x 1075 (Preston and Powles, 2002):

Next we conducted a perturbation analysis by changing each model
parameter by +10% while keeping all other parameter values constant
to evaluate to what extent demographic parameter uncertainty influ-
enced model outcome. Then we explored if the ranking of the manage-
ment strategies changed at year 13 (p,, P;3, and SB;;).

2.4. Stochastic model

Quality (proper weed coverage) and timing (weed size) of herbicide ap-
plication, and environmental conditions (i.e., temperature, humidity, soil
moisture, period between herbicide application and first rainfall) are all
factors that may directly impact weed control (p_,,;). To mimic the vari-
ability in weed response to herbicide application from year to year we
treated p,,,,as a stochastic parameter. During Inzen years, PRE and POST
emergence control varied simultaneously (keeping in mind that POST
control was genotype dependent), while during the other years (sor-
ghum, soybean, wheat, and fallow) we only varied the effect of a single
herbicide application.

For each herbicide application we drew random p_,,, values from a
beta distribution (proportion of plants killed by the herbicide), which
is commonly used to model mortality (Tenhumberg et al., 2008, 2009).
We determined the shape parameters of the beta distribution (a@ and )
using the estimates of the mean (u) and variance (02) of the herbicide
efficacy:

_ —u(o®+ pur- )
a= 2
° (5)

g (o*+p?-wWu-1)
- >
(6)

For all management strategies we assumed that the standard devia-
tion (o) for p,,, is 0.05 because it resulted in a range of p ,,, values that
were in close agreement with the range (maximum and minimum) re-
ported in extension publications and expert opinion (Knezevic et al.,
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2016; Roeth et al,, 1994; Thompson et al., 2016). Response to herbicide
treatments is typically reported on a visual basis or biomass reduction,
but actual plant mortality in response to herbicides is rarely reported.
Thus, there is a lack of reported variance around demographic weed re-
sponse to herbicides (weed mortality) in the weed science literature. We
ran the model 500 times for a period of 20 years for each management
strategy and recorded the median, which is less sensitive to extreme
values than the mean, for p,, SB,, and P,. The 2.5th and 97.5th quantiles
for p,, P, and SB, were recorded and interpreted as the 95% confidence
intervals. Our initial conditions for the stochastic simulations were the
same as in the deterministic simulations.

3. Results
3.1. Deterministic model

According to our deterministic model, crop and herbicide rotation will
play a major role in postponing ALS-resistance evolution while maintain-
ing shattercane population density at low levels over time (Fig. 4). Man-
agement strategy ranking at year 13 varied according to the response
variable evaluated: p, P, or SB (Table 3). For p, ,, strat-6 resulted in the
lowest frequency of the resistance allele in the population fb strat-4, 2,
5,3, and 1. For P, strat-6 resulted in the lowest number of plants fb
strat-5, 4, 3, 2 and 1. For SB, ;, strat-5 resulted in the lowest number of
seeds fb strat-6, 3, 4, 2, and 1. According to our results, the continuous
use of Inzen (strat- 1) represents the worst-case scenario, where the
highest value of p and number of P and SB are expected over time. Ro-
tating Inzen with sorghum (strat-2) resulted in the 2nd highest num-
ber of P and SB, and quickly led to unacceptable shattercane density.
Because sorghum is incorporated every other year in this rotation strat-
egy, flow of the susceptible allele from conventional sorghum plants as-
sists with “delaying” resistance evolution, explaining why p is not as
high as in strat-1, 3, and 5, where sorghum is not included. Therefore,
rotating Inzen with conventional sorghum also does not seem a very
promising strategy after the implementation of the Inzen technology.
Overall, the more diverse the system, the lower the frequency of the re-
sistance allele and the population density (SB and P). Strat-6 was our
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(strat-) considered.

most diverse strategy and resulted in the lowest P, and p,; and second
lowest SB, ;. This supports our working hypothesis that more diversi-
fied management strategies will lead to more stable cropping systems
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Table 3 Strategy ranking according to our deterministic predictions, and stochastic
median and 95% confidence interval of the frequency of the resistance allele (p),
number of established plants m2 (P), and number of viable seeds in the seedbank m-2
(SB) at census of year 13 for each management strategy (strat-)2.

Deterministic Stochastic
D3
Strategy® Value 2.5th Median 97.5th
strat-6 0.509 0.183 0.513 0.566
strat-4 0.652 0.546 0.651 0.677
strat-2 0.751 0.736 0.751 0.758
strat-5 0.793 0.74 0.803 0.838
strat-3 0.873 0.851 0.876 0.89
strat-1 0.95 0.944 0.951 0.956
Py3
Strategy Value 2.5th Median 97.5th
strat-6 5.75 1.40 x 10713 1.72 x 10711 1.22 x 1077
strat-5 5.78 1.23 x 10713 9.12 x 10712 6.53 x 1078
strat-4 23.76 3.65x 1078 1.12 x 1075 3.87 x 1072
strat-3 26.48 3.70x 1078 1.39 x 1075 1.59 x 1071
strat-2 441.26 315.51 409.88 513.42
strat-1 4421 329.89 438.5 557.59
SBy3
Strategy Value 2.5th Median 97.5th
strat-5 8.47 1.73 x 10713 1.27 x 10~11 1.05 x 1077
strat-6 11.44 3.34x 10713 3.28 x 10711 3.04 x 1077
strat-3 37.53 5.65x 1078 2.02x107° 2.47 x 1071
strat-4 38.81 6.13 x 1078 1.89 x 1075 6.99 x 1072
strat-2 617.14 604.19 617.1 624.96
strat-1 617.33 605.32 617.15 626.62

a. We ran the stochastic model 500 times for each management strategy and recorded the
median and the 2.5th and 97.5th quantiles for p13, SB13, and P13. The 2.5th and 97.5th
quantiles can be interpreted as the 95% confidence interval. Year 13 is used for comparison
because all six management strategies included Inzen in that year.

b. strat-1 = continuous Inzen; strat-2 = Inzen followed by (fb) sorghum; strat-3 = Inzen fb
soybeans; strat-4 = Inzen fb soybeans fb sorghum fb soybeans; strat-5 = Inzen fb fallow fb
wheat; and strat-6 = Inzen fb fallow fb wheat fb sorghum fb fallow fb wheat.

where evolution of resistance will occur more slowly and population
density of shattercane will remain at tolerable levels for a longer period
of time. Rotating Inzen to non-sorghum crops (strat-3 through 6) was
not a solution to avoid resistance evolution, but was an effective way of
keeping shattercane population density at low level while postponing
resistance evolution to some extent because effective herbicide options
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are available to manage this weed during those years (Table 2). There
was value in including conventional sorghum as part of the rotation be-
cause that takes selection pressure away; however, sorghum should not
be planted after Inzen because that will not allow for the control of ALS-
resistant plants originated from new individuals produced by resistant
plants and individuals produced by plants that received the resistance
allele from Inzen sorghum in the previous year.

3.1.1. Perturbation analysis

According to our perturbation analysis, parameter uncertainty did not
change the strategy ranking for p,,, P,,, and SB,; when compared to the
deterministic results (Supplementary Tables 1, 2, and 3). This indicates
that our model predictions are robust and strategy ranking is not likely
to be influenced by parameter uncertainty. Varying parameter values did
not have a major impact on p,, values over time; however, it did have an
impact on P,; and SB,; values, with spredbeing the most sensitive param-
eter (Supplementary Tables 2 and 3). We assumed predation to be high
and one of the first demographic parameters to influence the dynamics of
shattercane recruits in our model; therefore, we expected that perturba-
tion around this parameter would have a major impact on model outcome.

3.2. Stochastic model

Corroborating our deterministic outputs, crop and herbicide rotation
played a major role in postponing ALS-resistance evolution while main-
taining shattercane population density at low levels over time under sto-
chastic conditions (Fig. 5). Strategy ranking also differed for p, P,5, and
SB,; in our stochastic simulations (Table 3). For p, ;, strat-6 resulted in
the lowest frequency of the resistance allele in the population fb strat-4,
2,5,3,and 1. For P,;and SB,,, strat-5 resulted in the lowest number of
plants and seeds fb strat-6, 4, 3, 2 and 1. Corroborating our determinis-
tic outputs, the continuous use of Inzen (strat-1) will be the worst-case
scenario, where the highest value of p number of P and SB are expected.
Strat-2 also does not seem very promising under stochastic conditions
in terms of P and SB over time. For the remaining strategies (strat-3
through 6), p increased over time on a similar trend observed in the
deterministic outcomes; however, SB and P were kept at very low and
promising levels over time when compared to strat-1 and 2 (Fig. 5).
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3.3. Deterministic versus stochastic outputs

Predictions over time and strategy ranking for p were very similar be-
tween the deterministic and stochastic outputs (Table 3; Figs. 4 and
5). However, for strat-3 through 6, predictions for P and SB were much
lower by the stochastic model when compared to the deterministic
model. Under our stochastic simulations, 100% plant control was a pos-
sibility; thus, production of new recruits was less likely in a stochastic
system, leading to a scenario where if good crop and herbicide rotations
are implemented, population density can be kept at low levels, despite
the resistance level in the population. For our deterministic simulations,
100% control was never an option and plants would always produce
at least a few seeds each generation, which led population density to
build up over time. Demographic stochasticity leading to lower popula-
tion prevalence/density or resulting in higher extinction risk when com-
pared to deterministic models has been commonly reported in the eco-
logical literature (Lloyd et al., 2007; Gotelli and Ellison 2006; Grenfell et
al., 1995; Pelosse et al., 2013).

4. Discussion

Crop and herbicide rotation have long been claimed as important
tools to postpone the occurrence of resistant weeds (Norsworthy et
al., 2012). To be a valuable tool, crop rotation needs to be accompa-
nied by effective herbicide rotation(s) (Neve et al., 2011b). Rotating
crops but using the same herbicide will still favor resistant individuals
and no benefits will be detected from crop rotation in regards to her-
bicide-resistance management. Therefore, ALS-inhibiting herbicides
should be avoided during non-Inzen years to reduce selection pres-
sure for individuals carrying the resistance trait. Empirical work con-
ducted by Evans et al. (2016) demonstrated the importance of diver-
sity in delaying occurrence of herbicide-resistance in long-term weed
management programs. According to these authors, rotation and com-
bination of multiple effective herbicide modes-of action (MOA) should
be considered in order to reduce the likelihood of selecting for and fa-
voring resistant weeds. During Inzen and sorghum years, multiple ef-
fective MOA for shattercane management after crop planting will not



R. WERLE ET AL. IN ECOLOGICAL MODELLING 343 (2017) 22

be a possibility; however, multiple MOA should be considered by grow-
ers when managing shattercane prior to planting Inzen and conven-
tional sorghum, and during non-sorghum years.

Alternative strategies such as inter-row cultivation, spot treatment,
rope wick herbicide application (using non-ALS herbicides), and/or
manually eliminating surviving resistant or escape plants before flow-
ering may play an important role in management of ALS resistance in
shattercane during Inzen and sorghum years. Even though these strate-
gies were not considered in our model, they can reduce the likelihood of
pollen-mediated gene flow from Inzen to shattercane and reduce seed-
bank replenishment with resistance alleles (Goulart et al., 2012; Roeth
et al.,, 1994). Shattercane seeds have short longevity in the seedbank
(Teo-Sherrell and Mortensen, 2000; Teo-Sherrell et al., 1996) and any
effort to manage seedbank replenishment will assist with herbicide-re-
sistance management (Norsworthy et al., 2012).

Our strat-1 through 4 are likely to be adopted in areas where enough
water is available for crop production throughout the season (Illinois, In-
diana, eastern Kansas, Missouri, and eastern Nebraska). In areas where
water becomes a limiting factor for crop production (e.g., western Ne-
braska and Kansas), strat-1, 2, 5 and 6 will be more common. Thus
strat-3 or 4 are not likely to be adopted where strat-5 or 6 will be. Ac-
cording to our simulations, Inzen should be rotated with a non-sorghum
crop to postpone ALS-resistance evolution while providing an oppor-
tunity to keep shattercane density at low levels, regardless of the geo-
graphic region (soybean or wheat production areas). By adopting a di-
versified approach, growers are also likely to improve management and
reduce the occurrence of ALS-resistance in other grasses not related
to sorghum (i.e., Setaria spp., Digitaria spp., Echinochloa spp., Panicum
spp.), which are the major focus of the technology (Saunders D. W. and
K. L. Carlson, personal communication). Glyphosate and clethodim are
the alternative herbicides used during non-sorghum years in our model
and we don’t consider the likelihood of resistance evolution to these
herbicides. Shattercane resistance to these herbicide MOA has not been
reported in the US yet (Heap, 2016); however, under continuous use of
these chemicals, selection for resistance becomes likely.

In our model, we assumed the initial frequency of the ALS-resistance
allele (p,) in the population to be 1 x 10> because Inzen had not been
previously used and reliance on ALS-inhibiting herbicides had been low.
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Neve et al. (2011a) assumed the initial frequency of the resistance al-
lele to range from 1 x 107 to 5 x 107 for their modeling efforts look-
ing at glyphosate resistance evolution. Since ALS-resistance is generally
more likely than glyphosate-resistance (Heap, 2016; Tranel et al.,, 2016),
we assume p, to be greater than the one used by Neve et al. (2011a).
Preston and Powles (2002) evaluated the initial frequency of individu-
als resistant to ALS herbicides in Lolium rigidum populations that were
not previously exposed to these herbicides and found it ranging from
1.2 x 10~*to 5.8 x 107°. Anderson et al. (1998) and Dweikat (2012)
screened 11,200 and 30,000 shattercane plants from fields previously
exposed to ALS-inhibiting herbicides and detected 1 and 4 ALS-resis-
tant plants, respectively. Therefore, ALS-resistant alleles are commonly
present in weed populations, even in the absence of selection pressure,
suggesting the rapid evolution of resistance when ALS-inhibiting herbi-
cides are adopted (Heap, 2016; Preston and Powles, 2002).

Changing our initial conditions (p,, P, or SB;) changed the model
outcomes; however, management strategy ranking remained the same
(data not shown). By having a higher p, and P or SB, evolution of re-
sistance occurred faster and population density built up quicker, respec-
tively. Werle et al. (2016) conducted a survey and reported that ALS-re-
sistance persists in corn-soybean production areas where resistance was
reported in the early 1990s (Lee et al., 1999), even though ALS-inhibi-
tors have not been widely used to control shattercane for over 15 years.
This indicates the lack of a strong fitness cost associated with ALS-re-
sistance, corroborating observations of Davis et al. (2009), Park et al.
(2004), and Sibony and Rubin (2003). Thus, Inzen sorghum should prob-
ably be avoided in fields with high shattercane infestations and where
ALS-resistant weeds have been detected at a high frequency in the past
and are still present.

Since no data was available on predation of shattercane seeds un-
der Midwest US conditions, we obtained an estimate for Spred from Baga-
vathiannan and Norsworthy (2013), who evaluated seed predation of
johnsongrass (Sorghum halepense L. Pers.; sorghum weedy species that
produces seeds that are slightly smaller than shattercane seeds), in the
southern part of US. In our model we assumed predation to only impact
newly produced seeds. According to Bagavathiannan and Norsworthy
(2013), predation by insects and small rodents was more likely to occur
after seed dispersal in the fall. During the winter and spring, remaining
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seeds were mostly incorporated in the soil, probably due to natural soil
swelling and shrinking. After incorporation in the soil, predation was sig-
nificantly reduced and seeds became prone to winter kill and decay due
to microbial activity during the season (Bagavathiannan and Norswor-
thy, 2013). Our simulations have indicated the importance of s, on
shattercane demographics and further research needs to be conducted
to quantify this demographic parameter in the US Midwest. Davis et al.
(2004) modeling population demographics of giant foxtail (Setaria fa-
beri Herrm) under different cropping systems also reported predation
as an important parameter influencing weed population growth.

Simulation models have indicated the importance of diversified sys-
tems (i.e., crop rotation, herbicide mode of action rotation), and timely
application of proper herbicide rates on management of herbicide-re-
sistance (Bagavathiannan et al., 2014; Neve et al., 2011b; Renton et al,,
2011). The uniqueness of our model is the incorporation of pollen-me-
diated crop-to-weed gene flow, which expedited resistance evolution,
along with comparison of multiple crop management strategies and their
effect on resistance evolution and weed population density over time.
Our modeling framework could be used to predict resistance evolution
in case grain sorghum with novel herbicide tolerance trait conferred
by single gene becomes available in the future. Moreover, our modeling
framework could also be adapted for other crops that have weedy rela-
tives (i.e., rice, sunflowers); however, modifications to the current model
would be necessary for different systems (i.e., incomplete dominance in
case homozygous and heterozygous resistant individuals are not equally
tolerant to the herbicide).

ALS-tolerant rice (Clearfield® technology) became commercially avail-
able in the US in 2002 (Tan et al., 2005). Clearfield rice allows growers to
spray ALS-inhibiting herbicides in the imidazolinone family for manage-
ment of hard-to-control grasses and some broadleaf weeds in rice. One
of the major concerns regarding the introduction of this technology was
the likelihood of gene escape to weedy relatives. Red rice (Oryza sativa
L.) is in the same genus and species as cultivated rice, and outcrossing
rate ranging from 0.109 to 0.434% have been reported under field con-
ditions (Burgos et al., 2007). The likelihood of outcrossing in the rice-red
rice complex is lower than in the sorghum-shattercane (2-25%; Schmidt
etal, 2013), but still significantly higher than naturally occurring muta-
tions conferring resistance (Goulart et al., 2012). The continuous use of
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Clearfield rice in the US and in other parts of the World has led to an in-
crease in the occurrence and frequency of resistance alleles in red rice
populations (Burgos et al., 2008; Roso et al.,, 2010; Scarabel et al., 2012).
Crop and herbicide rotation have been reported by scientists and grow-
ers as the most effective way to manage and slow resistance evolution
in red rice populations where Clearfield rice has been adopted (Burgos
et al,, 2008; Roso et al,, 2010; Scarabel et al., 2012). ALS-resistant red
rice is detected in fields where Clearfield rice has been grown; however,
if diversified crop and herbicide rotation strategies have been adopted,
resistant individuals are detected at low densities during Clearfield rice
years (Burgos et al,, 2008; Zhang et al.,, 2006).

The current recommendations for Clearfield rice are the utilization of
certified weed-free seeds, control of weedy rice escapes, and most im-
portantly, crop and herbicide rotation. The BASF (BASF Corporation, Flo-
rham Park, NJ) stewardship program recommends planting Clearfield
rice only once in three years or not planting Clearfield rice consecutively
in two years. These recommendations corroborate our results, where
Inzen should not be planted continuously nor rotated only to conven-
tional sorghum, and, most importantly, it must be rotated to non-sor-
ghum crops that allow the use of non-ALS herbicides to keep weed den-
sity at low levels. Despite the risks of gene escape to weedy relatives,
Clearfield rice has been widely adopted in the US rice belt. For instance,
after a decade of its introduction, Clearfeld rice was adopted in 57% of
the rice area in Arkansas (J. Hardke, personal communication, 2013).
The lessons learned from Clearfield rice growers alongside with our
modeling efforts indicate that the Inzen technology is going to last only
if sorghum growers adopt a proactive and diversified management ap-
proach. In case this technology succeeds at a commercial level, indus-
try interest in grain sorghum may increase and new traits likely become
available in the future, making sorghum a more attractive crop through-
out the US grain belt. Moreover, if this technology succeeds in the US, it
may be considered in other places around the globe where sorghum is
a major crop and tools to assist growers with weed management to in-
crease yields are needed (Adenle, 2011).
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Supplementary Table 1. Effect of baseline demographic parameters perturbation (+ or -10%) on the
frequency of the resistance allele (p)? in the shattercane population at year 13 for each management
strategy (strat-). P

Parameter Perturbation  Parameter value  strat-1  strat-2  strat-3  strat-4  strat-5  strat-6

Baseline 0950 0.751 0.873 0.652 0.793  0.509

Sviab -10% 0.819 0950 0.751 0.873 0651 0.793  0.508
+10% 1.001 0950 0.751 0873 0.652 0.793  0.510

Spred -10% 0.63 0950 0.751 0.873 0.652 0.793 0511
+10% 0.77 0950 0.751 0.872 0.650 0.792  0.506

Ssurvw -10% 0.135 0950 0.752 0.873 0.652 0.793  0.509
+10% 0.165 0950 0.751 0.873 0.652 0.793  0.509

Sgerm -10% 0.315 0950 0.749 0872 0647 0791 0.501
+10% 0.385 0950 0.754 0873 0.656 0.795  0.517

Ssurvs -10% 0.27 0950 0.753 0.873 0.655 0.794 0514
+10% 0.33 0950 0.750 0.872 0.649 0.792  0.504

Smax -10% 72,459 0950 0.751 0873 0.651 0.793  0.508
+10% 88,561 0950 0.751 0873 0.652 0.793 0.510

Kw -10% 0.11493 0950 0.751 0873 0.651 0.793  0.508
+10% 0.14047 0950 0.751 0873 0.652 0.793 0.510

dke -10% 2.7947 0950 0.751 0873 0.652 0.793 0.510
+10% 3.4157 0950 0.751 0873 0.651 0.793  0.508

g -10% 0.072 0947 0.758 0.868 0.651  0.787  0.502
+10% 0.088 0953 0.745 0877 0.651 0.798 0.515

2 p is calculated according to Equation [2]
® strat-1 = continuous Inzen; strat-2 = Inzen followed by (fb) sorghum; strat-3 = Inzen fb soybeans; strat-4

= Inzen fb soybeans fb sorghum fb soybeans; strat-5 = Inzen fb fallow fb wheat; and strat-6 = Inzen fb
fallow fb wheat fb sorghum fb fallow fb wheat. Year 13 is used for comparison because all six
management strategies included Inzen in that year.



Supplementary Table 2. Effect of baseline demographic parameters perturbation (+ or -10%) on the total
number of established plants m (P) at census at year 13 for each management strategy (strat-).2

Parameter Perturbation  Parameter value strat-1 strat-2 strat-3 strat-4 strat-5 strat-6
Baseline 442.10 41126  26.48 23.76 5.78 5.75

Sviab -10% 0.819 394.67 367.11 9.30 8.41 1.75 1.77
+10% 1.001 489.53 45542  58.53 52.03 16.30 15.76

Spred -10% 0.63 552.76 51429 116.47 102.34 49.85 45.32
+10% 0.77 331.44 308.22 1.62 1.47 0.28 0.28

Ssurvw -10% 0.135 393.40 365.96 8.07 7.30 1.53 1.54
+10% 0.165 491.09 456.83 63.36 56.22 18.17 17.47

Sgerm -10% 0.315 395.36 367.73 8.68 7.86 1.61 1.63
+10% 0.385 488.69 45466 60.73 53.92 17.45 16.81

Ssurvs -10% 0.27 440.68 409.99  25.48 22.87 5.61 5.58
+10% 0.33 44352 41255  27.50 24.67 5.96 5.92

Smax -10% 72,459 394.67 367.11 9.30 8.41 1.75 1.77
+10% 88,561 489.53 45542  58.53 52.03 16.30 15.76

Kw -10% 0.11493 438.53  407.90 9.40 8.51 1.76 1.78
+10% 0.14047 445.02 41402 56.04 49.75 16.09 15.49

dke -10% 2.7947 44453 41355  49.99 44.47 7.76 7.65
+10% 3.4157 439.67 408.97 13.14 11.87 4.39 4.38

g -10% 0.072 44193 413.08 24.26 22.22 521 5.29
+10% 0.088 442.25 40941  28.61 25.19 6.36 6.19

& strat-1 = continuous Inzen; strat-2 = Inzen followed by (fb) sorghum; strat-3 = Inzen fb soybeans; strat-4 =
Inzen fb soybeans fb sorghum fb soybeans; strat-5 = Inzen fb fallow fb wheat; and strat-6 = Inzen fb fallow

fb wheat fb sorghum fb fallow fb wheat. Year 13 is used for comparison because all six management

strategies included Inzen in that year.



Supplementary Table 3. Effect of baseline demographic parameters perturbation (+ or -10%) on the total
number of viable seeds m (SB) at census at year 13 for each management strategy (strat-).2

Parameter  Perturbation Parameter value  strat-1  strat-2  strat-3  strat-4  strat-5  strat-6
Baseline 617.33 617.14  37.53 38.81 8.47 11.44

Sviab -10% 0.819 551.11 550.89 13.18 13.74 2.57 3.53
+10% 1.001 683.56 683.39 82.97 84.94 23.86 31.33

Spred -10% 0.63 771.86 77171 165.09 167.03 72.96 89.95

+10% 0.77 462.80 462.55 2.29 2.41 041 0.56

Ssurvw -10% 0.135 549,32 549.11 11.43 11.92 2.24 3.07
+10% 0.165 685.76  685.58  89.82 91.83 26.60 34.79

Sgerm -10% 0.315 646.45 646.19 14.41 15.03 2.77 3.81
+10% 0.385 586.94 586.80 74.04 75.71 21.97 28.71

Ssurvs -10% 0.27 553.81 553.65 3251 33.61 7.39 9.97
+10% 0.33 681.27 681.05 42.88 44.35 9.60 12.99

Smax -10% 72,459 551.11 550.89 13.18 13.74 2.57 3.53
+10% 88,561 683.56 683.39 8297 84.94 23.86 31.33

Kw -10% 0.11493 612.34 612.10 13.33 13.90 2.58 3.54
+10% 0.14047 621.42 621.26 79.44 81.23 23.55 30.79

dke -10% 2.7947 620.73 62057 70.86 72.61 11.35 15.21

+10% 3.4157 613.94 613.71 18.63 19.39 6.42 8.74

g -10% 0.072 617.31 617.16 34.44 36.31 7.65 10.66
+10% 0.088 617.35 617.13 40.50 41.15 9.28 12.19

4 strat-1 = continuous Inzen; strat-2 = Inzen followed by (fb) sorghum; strat-3 = Inzen fb soybeans; strat-4 =
Inzen fb soybeans fb sorghum fb soybeans; strat-5 = Inzen fb fallow fb wheat; and strat-6 = Inzen fb fallow

fb wheat fb sorghum fb fallow fb wheat. Year 13 is used for comparison because all six management

strategies included Inzen in that year.
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