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Abstract: Weeds present important challenges to both conventional farmers who rely on herbicides
and organic farmers who rely on cultivation. Data from field experiments indicate that diversifying
crop sequences with additional species can improve weed suppression when either herbicides or
cultivation serve as primary control tactics. Here, we report the results of modeling analyses that
investigated how cropping system diversification would affect the population dynamics of giant
ragweed (Ambrosia trifida L.), an annual dicotyledonous species that is problematic in the central U.S.
for both conventional and organic farmers. We found that to prevent an increase in giant ragweed
density, the minimum control efficacy needed from herbicides or cultivation used in corn (Zea mays
L.) and soybean (Glycine max (L.) Merr.) would be 99.0% in a 2-year corn–soybean system, but
91.4% in a 5-year corn–soybean–rye (Secale cereale L.)–alfalfa (Medicago sativa L.) system. Thus, the
diversified rotation would be better buffered against less-than-perfect weed control during corn and
soybean phases. Further modeling analyses indicated that the weed suppression effect associated
with greater rotation length was attributable not only to increased crop species richness but also to
greater temporal variation in planting dates. A planting interval variation index (PIVI), calculated as
the coefficient of variation in months between planting activities, was strongly associated with the
weed suppressive ability of the rotations we modeled and may be a useful metric for designing other
cropping systems. Overall, our results indicate that diversified rotation systems that include both
annual and perennial crops are likely to be valuable for managing problematic weed species.

Keywords: crop rotation; giant ragweed; Ambrosia trifida; weed management; population
dynamics models

1. Introduction

1.1. Overview

Despite the use of large amounts of technology and labor for weed control, weeds remain a
recurrent and substantial threat to crop production and farm profitability in both developed and
developing countries [1]. For conventional farmers who rely heavily on herbicides for weed suppression,
herbicide resistance in weed populations and off-site movement of herbicides in air and water pose
increasing challenges [2–4]. For organic farmers and others who eschew the use of herbicides, weather
conditions that prevent timely field operations and lower levels of efficacy with cultivation relative to
herbicides comprise serious impediments to successful weed control [5,6]. For both conventional and
organic farmers, durable improvements in weed management are likely to be based on knowledge
of ecological principles and processes, elucidation of the life history characteristics of problematic
weed species, evaluation of management options through population dynamics modeling and other
approaches, and the use of multi-tactic management strategies [7–10].
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Cropping system diversification is considered by many analysts to be a critically important
element of improved weed management systems [11,12]. Liebman and Gallandt [13] suggested that
through use of diverse sets of crops that differ with regard to planting and harvest dates and attendant
management practices, weeds can be challenged by a wide array of stress and mortality factors.
This diversification should reduce selection of weed populations for resistance, limit shifts in weed
community composition toward especially problematic species, and minimize the risks of weed control
failures due to mitigating factors such as weather conditions [13]. In a recent meta-analysis of data
from field experiments, Weisberger et al. [14] found that diversifying crop rotation sequences with
additional species reduced weed densities by an average of 49%, regardless of auxiliary herbicide use.
Furthermore, the diversification effect on weed density was greatest for rotation sequences with the
largest variance around crop planting dates. Previously, Gaba et al. [15] had noted that the effects of
different cropping systems on weed dynamics could be captured by quantifying the magnitude of
changes in sowing dates between successive crops.

Here, we report the results of modeling analyses conducted to investigate how specific forms of
cropping system diversification would affect the population dynamics of giant ragweed (Ambrosia
trifida L.), a species that is problematic in the central U.S. for both conventional and organic farmers.
Our analyses were intended to be heuristic. That is, we used models to describe what would happen if
our assumptions held, rather than what will happen at all times and places. As noted by Levins [16],
such models cannot provide precise location- and time-specific descriptions but can be realistic and
useful for gaining insight into the dynamics of populations of interest.

1.2. Giant Ragweed (Ambrosia trifida L.)

Giant ragweed is an annual dicotyledonous species native to North America. In a survey of
certified crop advisors, giant ragweed was noted as the most, or one of the most, difficult weeds to
manage in a large number of counties in the U.S. Corn Belt [17]. Many respondents also reported
that populations of the weed were resistant to acetolactate synthase inhibitors, glyphosate, or both
herbicide chemistries [17].

In addition to herbicide resistance, a number of ecological characteristics contribute to this species’
ability to compete strongly with the two dominant crops in the central U.S., corn (Zea mays L.) and
soybean (Glycine max (L.) Merr.). Key characteristics include large seeds with substantial energy
reserves that permit emergence from deeper soil layers; early initiation of seedling emergence; cold
tolerance by seedlings; large cotyledons that allow for substantial carbon gain immediately after
seedling emergence; and rapid leaf production and stem growth that promote overtopping and shading
of associated crop plants [18]. In addition, there now appears to be selection for extended periods of
giant ragweed seedling emergence, rather than synchronized early emergence, which makes control
more challenging, as a single pre-plant tillage pass or early season herbicide application may no longer
suffice to reduce giant ragweed densities [17].

Despite the set of ecological characteristics that make giant ragweed difficult to manage, especially
in corn and soybean fields, the species has a number of characteristics that can render it vulnerable
to control. Compared with other weed species, giant ragweed fecundity is relatively low, with an
individual plant producing one to two thousand seeds, rather than tens of thousands or hundreds
of thousands of seeds [19,20]. Seeds are not dispersed from parent plants until late summer and
fall [19,20], making mid-summer destruction of plants an effective means of minimizing seed inputs to
the soil seed bank. Large numbers of giant ragweed seeds that are shed can be consumed by rodents,
invertebrates, and birds before entering the seed bank. Harrison et al. [21] reported that 60% of giant
ragweed seeds were removed from the soil surface between November and May; total seed removal by
predators over a 12-month period was 88%. Seeds that survive predation can be short-lived: Harrison
et al. [22] noted that ~90% of giant ragweed seeds buried in the top 10 cm of soil were eliminated
by decay or predation after two years. For giant ragweed seeds that do not decay or that are not
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consumed, most emergence of seedlings occurs within the first two years after seed deposition [22,23],
making this species transient, rather than persistent, in the soil seed bank.

1.3. Options for Cropping System Redesign in the U.S. Corn Belt

One of the most striking land-use trends in the central U.S. since the Second World War is the
simplification of cropping systems toward dominance by corn and soybean [24,25]. For example,
between 1949 and 1997 in Iowa’s Raccoon River watershed, the percentage of all cropland used for
wheat, barley, oat, alfalfa, and other forage crops fell from 42% to 3%, whereas the percentage in corn
and soybean grew from 57% to 97% [26]. In 2017, 85% of the total harvested cropland in the states of
Illinois, Indiana, Iowa, Minnesota, Nebraska, Ohio, South Dakota, and Wisconsin was occupied by
corn and soybean [27]. Loss of cropping system diversity in the U.S. Corn Belt, especially the massive
reduction in area used for small grains and perennial forage crops, has been linked to a variety of
negative environmental effects. These include greater discharge of nitrogen and phosphorus to surface
waters [26,28], increased levels of soil erosion [29], and loss of soil organic carbon [24].

At a systems level, loss of small grains and forages has been linked to a de-coupling of crop and
ruminant livestock production. Sulc and Tracy [30] noted that from 1945 to 2000, cattle numbers across
Ohio, Indiana, Illinois, Iowa, Wisconsin, and Minnesota declined by 52% as beef production shifted
westward, while land producing hay and oat, used to feed cattle and other livestock, declined by 60%
and 97%, respectively. These historical shifts in crop and livestock production reflect the influence of
multiple factors, including low costs for fertilizers, changes in livestock feeding regimes, increased
efficiencies of scale, federal policies such as commodity support programs, shifts in public and private
research priorities, and a lack of recognition of, and economic costs for, a wide range of environmental
and social effects [24].

Low profitability of the dominant corn–soybean system and growing concerns over soil and
water quality have led to reconsideration of the use of forage legumes and small grains within
integrated crop–livestock systems in the U.S. Corn Belt [26,30]. Recent studies indicate that diversified
cropping systems that include forages and small grains in addition to corn and soybean can match or
exceed the profitability of simpler corn–soybean rotations [31–33] while reducing soil loss, nutrient
discharge, greenhouse gas emissions, PM2.5 and precursor emissions, and herbicide-related aquatic
toxicity [33–35].

In the present study, we focused on the weed-related effects of diversifying corn–soybean rotations
with rye (Secale cereale L.) and alfalfa (Medicago sativa L.). Rye has excellent winter-hardiness and
new, hybrid varieties have higher yield potential and lower disease susceptibility compared with
older, non-hybrid cultivars [36–38]. Rye grain can be used in livestock rations to replace wheat and
corn [39,40]. Alfalfa is widely adapted, high in protein, effective in its fixation of atmospheric nitrogen,
frugal in its requirements for fossil energy, and attractive to bees as a source of nectar [41]. In 2017,
alfalfa occupied 49% of the forage crop area in the states of Illinois, Indiana, Iowa, Minnesota, Nebraska,
Ohio, South Dakota, and Wisconsin [27]. The use of winter cereals, like rye, and perennial forages, like
alfalfa, appears to offer considerable opportunities to suppress populations of giant ragweed, due to
differences in phenology and crop-specific mowing and herbicide regimes [17,32,42]. Additionally,
because alfalfa is a perennial species that may remain in a field for forage harvesting for varying
lengths of time after planting, modeling its use in different rotations provided an opportunity to
investigate the weed-related effects of altering planting patterns without a concomitant increase in
crop species richness.

2. Model Development and Evaluation

2.1. Cropping System Characteristics

We investigated cropping system effects on the population dynamics of giant ragweed using
difference equation models corresponding to two-crop (corn and soybean) and a set of four-crop
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(corn, soybean, rye, and alfalfa) rotations. We constructed the four-crop rotation systems with varying
durations of the alfalfa phase, resulting in rotation lengths varying from three to six years (Figure 1).
The different cropping systems we investigated were intended to be appropriate for the central U.S.
Corn Belt. Consequently, we assumed (1) corn and soybean were planted in April and May, respectively,
and harvested in the following fall (October and September, respectively); (2) rye was planted in
September immediately following soybean and harvested for grain and straw in June of the following
year; and (3) alfalfa was planted in August following rye harvest and then cut, baled, and removed
multiple times during each of the subsequent years, with the exception of the 3-year system, in which
alfalfa was assumed to be used only as an unharvested cover crop. We recognize that the latter scenario
is not economically advantageous, but it formed a useful component of our modeling analyses.
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Figure 1. Crop sequences and the timing from planting to harvest or termination for 2-year and
5-year rotations (bolded) used for primary analyses, and 3-, 4-, 5-, and 6-year rotations used for
secondary analyses.

2.2. Model Concept and Structure

We constructed population dynamics models for giant ragweed in Stella Professional 1.6 (Isee
Systems, Lebanon, NH, USA). The models included stocks for four life history stages of the weed (seeds
in soil, small seedlings, large seedlings, and mature plants) and seven flows or processes (seedling
emergence, small seedling survival, large seedling survival, seed production, mature plant senescence,
post-dispersal seed predation, and seed decay) (Figure 2). Management factors represented in the
models include the efficacy of herbicide applications or cultivation during row-crop (i.e., corn and
soybean) and winter cereal (i.e., rye) phases of the rotations, and hand weeding or mowing efficacy for
control of giant ragweed during any phase of the rotations. The models were constructed such that
crop phases followed sequentially from year to year. This made it possible for weed fecundity and the
efficacy of weed control via herbicides, cultivation, hand weeding, and mowing to be crop-specific.
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Figure 2. General model for evaluating giant ragweed population dynamics in 2-, 3-, 4-, 5-, and 6-year
rotation systems. Details of models for specific rotations are provided in the Supplementary Materials.

The models were set with four time-steps per year. Seedling emergence occurred once per yearly
cycle at the first time-step; small seedlings survived or died at the second time-step; and large seedlings
matured or died at the third time-step. Mature plants produced seeds and then died at the fourth
time-step, with the number of seeds entering the soil seed bank diminished by seed predation at that
time. The decay of seeds in the soil seed bank occurred at all time-steps.

The initial stock of seeds in the soil seed bank was set at 100 viable seeds m−2; initial values of
other stocks were set to 0. We assumed that minimum- or surface-tillage techniques would be used
and that weed seeds would be maintained at shallow depths from which giant ragweed seedlings
could emerge. Therefore, tillage operations with attendant seed redistributions were not included in
the model, and no depth structure was used for the soil seed bank.

Diagrams and equations for models of the 2-year and 5-year cropping systems with baseline
parameters are shown in the Supplementary Materials (Tables S1 and S2, Figures S1 and S2).

2.3. Giant Ragweed Demographic Parameters

Demographic parameters for giant ragweed growing in association with different crops were
drawn from published scientific reports, or, in some cases, estimated using relevant scientific literature.
Because density-dependent effects on survival and fecundity were not available for giant ragweed
growing with the set of crops we evaluated, we did not include them in our models. Additionally, we
assumed that farmers typically impose management to maintain weed populations below levels at
which intraspecific interactions affect survival and fecundity.

For convenience, we refer to control efficacy in terms of the percentage of a weed seedling
population that is killed. However, from a modeling perspective, control efficacy is a rate defined in
units of seedlings seedling−1. Likewise, we have expressed rates of seedling emergence (seedlings
seedling−1) and predation and decay (seeds seed−1) as percentages for ease of interpretation.

We set the rate of giant ragweed seedling emergence from the soil seed bank at 18%, based on the
findings of Harrison et al. [22]. This value lies well within the range (6% to 45%) reported by Wortman
et al. [43] for giant ragweed seedling emergence across 34 site-year combinations in the north-central
U.S. We did not use crop-specific seedling emergence rates, as Goplen et al. [23] had reported no
differences in giant ragweed emergence among different crops in the first year after seed deposition.

The fecundity of giant ragweed plants growing with corn and soybean was set at 985 and 1400
viable seeds plant−1, respectively, based on values reported by Harrison et al. [19] and Goplen et al. [20].
Fecundity of giant ragweed plants growing in the post-harvest stubble of winter rye was set at 3 seeds
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plant−1, based on values for total mass of seeds plant−1 [44], mass per seed [45], and proportion of total
seeds produced that are viable [20]. Fecundity of giant ragweed growing with alfalfa, which would be
cut for hay and removed multiple times per season, was assumed to be 0.

Consumption of giant ragweed seeds shed onto the soil surface by predators (e.g., insects, rodents,
birds) from late fall until spring was set at 60%, based on results of experiments conducted by
Harrison et al. [21] in cornfields under no-tillage management. This value is within the wide range
of giant ragweed seed predation rates reported by Davis et al. [46] from experiments conducted in
corn, soybean, wheat, and clover fields. We did not use crop-specific rates of seed predation, as
Davis et al. [46] reported that different crops had negligible effects upon long-term seed predation rates.

Davis et al. [47] reported that ~90% of giant ragweed seeds buried at 2 cm depth decayed in two
years, which is similar to rates reported by Harrison et al. [22] for seeds buried at 0 to 20 cm depth.
To match the rate reported by Davis et al. [47], we set the seed decay rate in our model at 25% for
each time-step.

Based on data from Mahoney et al. [42], we set survival of giant ragweed seedlings in rye, due to
herbicide application or cultivation, at 10% (i.e., control efficacy was 90%). Survival of giant ragweed
seedlings growing with alfalfa was set at 0, due to the multiple mowing operations associated with
hay harvests. Control efficacy of giant ragweed seedlings in corn and soybean was varied in models of
the contrasting crop rotation systems.

2.4. Model Calculations and Scenario Evaluations

Our primary interest was in potential shifts in giant ragweed seed and plant densities when
employing the 5-year rotation system rather than the 2-year system. Of particular interest was
determination of the minimal levels of giant ragweed control during corn and soybean phases of the
2-year and 5-year rotations that were needed to prevent increases in seed bank densities of the weed.
The analyses were conducted for 30-year periods.

Because soybean was the crop in which giant ragweed fecundity was greatest and because weed
mortality from cultivation alone can be insufficient to suppress weed population increases, we also
determined population trajectories of giant ragweed when hand weeding was used in the soybean
phase of the rotations to supplement cultivation. In reviewing data from 55 studies, Gallandt et
al. [6] noted that the mean response to a single cultivation operation was 66% mortality. Brown and
Gallandt [48] reported that when cultivation tools were used sequentially, in most cases the effect of
multiple cultivation passes was additive. Consequently, we assumed that each cultivation operation
would reduce the density of existing weeds by 66%; two passes would reduce weed density by a
cumulative total of 88.4%. Based on these assumptions, we used models to assess the minimum level
of weed control that would be needed from hand weeding to supplement 88.4% control gained from
cultivation operations in corn and soybean.

We also used models to investigate how variation in the length of the alfalfa phase within the
more diverse rotation system affected giant ragweed population dynamics. Accordingly, in addition
to the 2-year corn–soybean and 5-year corn–soybean–rye–alfalfa rotations, we also built models for
3-year, 4-year, and 6-year rotations in which the alfalfa phase spanned 8 months, 20 months, and 44
months, respectively, rather than the 32-month period it occupied in the 5-year rotation (Figure 1).
As noted earlier, the alfalfa phase of the 3-year rotation would serve as a cover crop rather than as
a harvested hay crop. However, for our modeling analyses, it was useful to maintain the same crop
sequence in all of the extended rotations. As with the 2-year and 5-year rotations, we calculated the
minimal levels of giant ragweed control that were needed during corn and soybean phases of the
rotations to prevent increases in seed bank densities of the weed over 30-year periods.

To characterize differences among rotation systems in temporal patterns of management activities,
we calculated a planting interval variation index (PIVI). The PIVI was defined as the coefficient of
variation of the number of months between plantings of succeeding crops in each complete rotation
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cycle [14]. We examined the relationship between the PIVI value for each rotation system and the level
of control efficacy needed in corn and soybean to prevent increases in giant ragweed seed densities.

Our first-order analyses assumed a high level of giant ragweed control efficacy in rye (90%), based
on results obtained by Mahoney et al. [42] with herbicides applied to winter wheat. Because levels
of weed control using cultivation equipment can be considerably lower than with herbicides [6], we
conducted a sensitivity analysis to determine the effects of varying levels of giant ragweed control in
rye. More specifically, we altered control efficacy in rye in the 5-year rotation from 0 to 100% and then
determined the level of control that would be required in corn and soybean phases of the rotation to
prevent increases in giant ragweed seed density.

Post-dispersal consumption of giant ragweed seeds by predators can greatly reduce the quantity
of seeds entering the soil seed bank, but the magnitude of seed losses can be highly variable over time
and among locations [46]. Therefore, we conducted a sensitivity analysis in which we varied seed
predation rates from 0 to 60% and then determined levels of control efficacy in corn and soybean phases
of the 2-year and 5-year rotations needed to prevent increases in giant ragweed seed density. These
analyses constituted a means of examining potential complementarities between cropping system
diversification, seed predation, and the use of herbicides or cultivation.

3. Results and Discussion

Results from our modeling analyses indicate that to prevent an increase in giant ragweed seed
density in the soil seed bank, the minimum control efficacy from cultivation or herbicides used
in corn and soybean would need to be 99.0% in a 2-year corn–soybean system but 91.4% in a
5-year corn–soybean–rye–alfalfa system (Figure 3a). Thus, the diversified rotation would be better
buffered against less-than-perfect weed control during corn and soybean phases. This result is similar
to the outcome of modeling analyses conducted on population dynamics of velvetleaf (Abutilon
theophrasti Medicus) in a simple corn–soybean rotation and a more diverse corn–soybean–triticale
(× Triticosecale)–alfalfa rotation [49], and it underscores the value of diversified cropping systems
in multi-tactic weed management strategies. Additionally, it is important to note that in the 5-year
corn–soybean–rye–alfalfa rotation system of the present study, much of the burden of weed control
would be shifted from ’direct’ tactics, i.e., cultivation and herbicides, to a set of more subtle, ‘indirect’
tactics that result from differences in crop planting and harvest dates and attendant management
practices, such as mowing and hay removal. This might reduce selection for herbicide resistance. Beckie
et al. [50] reported that diverse rotations that interspersed annual and perennial crops not only reduced
densities of wild oat (Avena fatua L.) but also minimized selection for acetyl-CoA carboxylase-inhibitor
herbicide resistance in populations of the weed.
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Figure 3. Minimum levels of control efficacy required in corn and soybean to prevent increases in giant
ragweed seed densities (a), and planting interval variance index values (PIVI) (b) for the 2-, 3-, 4-, 5-,
and 6-year rotation systems.

Using models for the 2-year and 5-year rotation systems, we determined the minimum level of
weed control that would be needed from hand weeding in the soybean phase to supplement 88.5%
control gained from cultivation operations used in both the corn and soybean phases. In the 5-year
rotation, 44.6% control efficacy with hand weeding would be required in the soybean phase to prevent
increases in giant ragweed populations over time. In contrast, in the 2-year rotation, no level of control
efficacy with hand weeding in soybean would be sufficient to prevent increases in giant ragweed
density; hand weeding efficacy would need to be at least 91.2% in both the corn and soybean phases to
prevent giant ragweed populations from increasing. These results indicate that for organic producers
who lack high levels of control efficacy with cultivation and who seek to minimize the use of labor for
hand weeding, diverse rotation systems are required for giant ragweed management.

Increases in the length of the alfalfa phase within a corn–soybean–rye–alfalfa sequence led to
reductions in the weed control efficacy that was required in the corn and soybean phases (Figure 3a).
Whereas 99.0% control of giant ragweed was needed in the 2-year corn–soybean rotation, control
requirements fell to 97.9% in the 3-year rotation, 95.6% in the 4-year, 91.4% in the 5-year rotation, and
83.6% in the 6-year rotation. It should be noted that all of the rotations that were greater than two
years in length had the same species richness value of 4 (corn, soybean, rye, and alfalfa: Figure 1).
Thus, reductions in the requirement for direct weed control were not purely a function of crop species
diversity. Adding both rye and alfalfa to the corn and soybean sequence was important for reducing
seedling survival and fecundity of giant ragweed, but, in addition, using long-duration stands of alfalfa
extended the period in which giant ragweed seeds decayed in the soil and led to reductions in seed
bank densities, even without a change in crop species richness. For other weed species whose seeds
are more persistent in the soil seed bank than are those of giant ragweed, it should be expected that
reductions in seed bank densities through extended periods of alfalfa production would be less marked.

Increases in rotation length were associated with increases in PIVI values (Figure 3b). Whereas the
2-year rotation had a PIVI value of 11.8, the 6-year rotation had a PIVI value of 98.0, with intermediate
PIVI values for the other rotations. More striking, however, was the relationship between PIVI and
the weed control efficacy required in corn and soybean phases of the rotations (Figure 4). As PIVI
increased, the required level of giant ragweed control in corn and soybean fell at an increasing rate. For
the change between the 2-year and 3-year rotations, there was an increase in both crop species richness
and PIVI. In contrast, for the 3-, 4-, 5-, and 6-year rotations, crop species richness was identical and only
the intervals between planting dates changed. Thus, PIVI was more useful than species number in
predicting the weed suppression ability of given crop rotation. These modeling outcomes accord with
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the theoretical insight provided by Gaba et al. [15] and corroborate the results of the meta-analysis of
empirical data reported by Weisberger et al. [14].
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Figure 4. The relationship between planting interval variation index (PIVI) and the minimum level of
control efficacy required in corn and soybean to prevent increases in giant ragweed seed density. As
shown in Figure 3b, PIVI values differed among the 2-, 3-, 4-, 5-, and 6-year rotation systems.

A reduction in giant ragweed control efficacy in the rye phase of the 5-year rotation had only
a slight effect on the level of control required in corn and soybean phases of the rotation needed to
prevent an increase in seed density of the weed (Figure 5). Whereas 91.4% control was required in corn
and soybean to prevent increases in giant ragweed seed density when 90.0% control was achieved in
the rye phase, the control requirement in corn and soybean increased only slightly to 93.2% when there
was 0% control of the weed in the rye phase of the rotation (Figure 5). This result can be explained,
in large part, by the low fecundity of giant ragweed plants surviving in rye (3 seeds plant−1), and it
highlights the importance of considering the effects of management practices and crop competition on
both weed survival and fecundity.Agronomy 2020, 10, 262 9 of 13 
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Figure 5. The relationship between weed control efficacy in the rye phase of the 5-year rotation and the
minimum level of control efficacy required in corn and soybean to prevent increases in giant ragweed
seed density.
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Sensitivity analysis indicated that for both the 2-year and 5-year rotations, increases in losses of
giant ragweed seeds to predators reduced the level of control efficacy in corn and soybean that was
required to prevent increases in seed densities of the weed (Figure 6). However, this effect was stronger
in the 5-year rotation compared with the 2-year rotation (Figure 6). For the 2-year rotation, 99.6%
control efficacy was required in corn and soybean when there were no losses of seeds to predators, and
99.0% control efficacy was required when the seed predation rate was 60%. In contrast, for the 5-year
rotation, 96.8% control efficacy was required when there were no losses of seeds to predators, whereas
91.4% efficacy was required with a seed predation rate of 60%. These results indicate that developing
strategies, such as delaying tillage, to enhance weed seed consumption by predators is desirable [51],
especially in the context of diversified rotation systems that challenge weed populations with multiple
stress and mortality factors that act as ‘many little hammers’ [49].
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Figure 6. The relationship between seed predation rate and the minimum level of control efficacy
required in corn and soybean to prevent increases in giant ragweed seed density in the 2-year (blue
line) and 5-year (red line) rotations.

As noted earlier, our modeling analyses are subject to multiple caveats. In particular, our
models did not include density-dependent effects on weed survival and fecundity rates and lacked
depth-structured seedbanks. Our assumptions for values of giant ragweed demographic parameters
in different crops were constrained by a paucity of relevant scientific reports. In addition, while
we sought to create agronomically plausible cropping systems, we ignored financial considerations
that would suggest economically optimal systems. Nonetheless, we contend that the modeling
analyses we conducted for giant ragweed management highlight the value of diversified rotations that
include both annual and perennial crops, and call attention to the critically important role of temporal
variation in management activities. Those themes merit more attention in future field experiments and
on-farm trials.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/2/262/s1,
Figure S1: Diagram for the 2-year rotation model used in STELLATM, Figure S2: Diagram for the 5-year rotation
model used in STELLATM, Table S1: Equations for the 2-year rotation model used in STELLATM, Table S2:
Equations for the 5-year rotation model used in STELLATM.
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