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ABSTRACT
Ecologists have long studied the effects of disturbance on species diversity. More
recently, there has been considerable interest in quantifying the various aspects of disturbance
and manipulating them to influence community diversity. This thesis focuses on how disturbance
autocorrelation may be leveraged to achieve management goals at a minimal cost. In the first
chapter, we consider the interactions between temporal autocorrelation of disturbance occurrence
and disturbance intensity at varying disturbance frequencies. Using an annual plant model, we
show that when intensity and frequency are kept constant, changing the temporal autocorrelation
of disturbance occurrence can also affect competitive outcomes. Additionally, we show that
when species coexist, the degree of autocorrelation can affect which species reaches higher
densities. We describe several examples (including prescribed burning, grazing and mowing)
which outline how manipulation of temporal autocorrelation may be used to achieve
conservation and eradication goals at no additional cost. Our results provide important insights
for, and have potential application to, land management and conservation. While changing the
intensity and frequency of human-induced disturbances can be costly, adjusting the temporal
autocorrelation of disturbance occurrence may be considered a “no-cost manipulation”. In
instances where a land manager lacks the funds or resources to manipulate other aspects of
disturbance, such as intensity and frequency, changing the temporal autocorrelation may provide
an effective, economical alternative. In the second chapter, we describe how autocorrelation of
disturbance may be applied in a crop rotation setting. Crop rotation has long been considered one
of the simplest and most effective tools for managing weeds. In this paper, we demonstrate how
crop rotations can be strategically arranged to harness a novel mechanism of weed suppression,
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weed-weed competition. Specifically, we consider how crop stacking, or increasing the number
of consecutive plantings of a single crop within a rotation, can decrease the size of the weed seed
bank. Using an annual plant model, we investigate the theoretical effects of stacked crop
rotations on weeds that have different life-history strategies and phenology. Our results show that
when weeds compete within a season, stacking can reduce the weed seed bank compared to
rotations without stacked crops. Although more research is needed to fully understand the effects
of crop stacking on other pests and nutrient cycles, our research suggests that crop stacking has
the potential to improve weed suppression without additional inputs, and their associated costs
and externalities. Moreover, improving management by changing the sequence of tactics applied
(the disturbance autocorrelation) is a novel, process-based approach that could likely be applied
to other weed management practices, such as mowing and herbicide application, and which
could involve mechanisms other than weed-weed competition. Leveraging this new and existing
ecological theory to improve weed management strategies holds great promise.
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Introduction
When considering the term “disturbance” of the environment, society as a whole
generally describes exceptional, extreme, or catastrophic occurrences. Some common examples
include large fires, hurricanes, or floods. However, while we have a common notion of what
constitutes a disturbance, ecologists use a more well-defined definition. According to Pickett and
White (1985), a disturbance is “any relatively discrete event in time that disrupts ecosystem,
community, or population structure and changes resources, substrate availability, or the physical
environment.” This definition widens our view of disturbance. Humans often intentionally
introduce disturbances in order to gain control over environmental systems. In particular, the
goal is often to eradicate invasive species, maintain species diversity, or control population
dynamics. Grazing, mowing, prescribed burns, applying pesticides, and even growing crops are
several examples of common anthropogenic disturbances. Interestingly, even the absence of a
disturbing force can itself be a disturbance. For instance, if the community surrounding a river is
accustomed to frequent flooding, a sudden decrease in flooding could certainly disrupt the
ecosystem.
Ecologists often classify disturbances according to five key aspects: frequency (how
often a disturbance occurs), intensity (proportion of biomass destroyed), extent (size of the
affected area), timing (with respect to the species’ growth cycle), and duration (how long the
disturbance lasts). Substantial progress has been made toward understanding how these aspects
interact with one another to produce the overall effects of a disturbance (Collins 2000; Miller,
Roxburgh & Shea 2011b Miller, Roxburgh & Shea 2011a; Zhang & Shea 2011). This knowledge
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allows us a better understanding of why disturbances generate the outcomes we observe, and
more importantly, how we can control them by manipulating the aspects of disturbance.
However, a disturbance regime (sequence of disturbance events) cannot be completely
characterized by these five aspects. Many theoretical studies make the assumption that all
disturbance events within a disturbance regime are independent and identically distributed (Shea,
Roxburgh & Rauschert 2004; Svensson, Lindegarth & Pavia 2009). While this is a very useful
assumption that has cleared the way for some invaluable advances in the theory of disturbance,
we extend this work by relaxing the assumption and allowing for autocorrelation of disturbance
occurrence. In this thesis, we examine how autocorrelation can influence the effects of
disturbance regimes and how it might be utilized to accomplish management goals at a minimal
additional cost (Chapter 1 - Garrison et al 2012; Chapter 2 - Garrison et al, unpublished
manuscript).
In chapter one, we consider how the interactions between temporal autocorrelaton and
intensity at varying frequencies affect competitive outcomes, and how these outcomes may be
used to improve management efficacy. The premise of utilizing disturbance to achieve
management goals involves the intentional introduction of a disturbance to the system, or the
alteration of an existing disturbance regime. While changing the intensity or frequency of a
disturbance regime may be costly, changing the level of autocorrelation of such anthropogenic
disturbance occurrences may be altered at little to no cost to the manager. Changing
autocorrelation does not involve changing the number of disturbances or the intensity of those
disturbances, but rather changing how they are allocated through time. To illustrate, consider a
land manager who can afford to mow her field 25 times over the next 50 years, a frequency of
0.5. She may choose a number of distinct disturbance regimes at this frequency (e.g. mow every
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other year for 50 years, mow for 25 consecutive years and then not for the final 25, etc.), all of
which will carry an identical total cost (assuming no economic discounting). The variable being
manipulated in these regimes is autocorrelation. In this chapter, we demonstrate that
manipulating the autocorrelation of disturbance occurrence can influence community properties,
specifically species’ densities and species coexistence.
In chapter two, we demonstrate how autocorrelation may be applied to crop rotations to
manage weed density. Crop rotation has long been considered a powerful tool for managing
weeds. From an ecological perspective, the effectiveness of rotating crops stems from the fact
that dissimilar crops have different ecological niches and impose diverse stresses and mortality
factors, reducing the ability of weed communities to adapt and populations to expand (Liebman
and Staver 2001). Recently, researchers have started to explore the role of crop sequences within
rotations on weed suppression. The order in which crops are planted in a rotation can have a
profound effect on weed population dynamics. Here, we present a heuristic theoretical model to
illustrate a different, yet complementary, mechanism of weed suppression that can be influenced
by strategically sequencing crops in a rotation: weed-weed competition. To leverage weed-weed
competition, we manipulate the autocorrelation via changing crop rotation patterns. A simple
way to do this is to change the number of consecutive plantings of a single crop before switching
to the next crop in the rotation; this practice is known as crop stacking (Derksen et al. 2002). We
show that increasing the number of consecutive plantings, a low-cost manipulation, can decrease
weed density.
Taken together, these two chapters constitute a body of research that suggests that
manipulation of disturbance autocorrelation may be an effective tool in applied ecology, with
potential applications in a wide range of areas ranging from conservation to pest management.
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Chapter 1
More bang for the land manager’s buck: Disturbance autocorrelation can be used to
achieve management objectives at no additional cost
This paper has been published:

Garrison, A., Miller, A.D., Roxburgh, S.H. & Shea, K. (2012) More bang for the land manager’s
buck: disturbance autocorrelation can be used to achieve management objectives at no
additional cost. Journal of Applied Ecology, 49, 1020-1027.

Abstract:
Ecologists have long studied the effects of disturbance on species diversity. More recently,
researchers have become interested in understanding how the various aspects of disturbance
interact to influence community diversity. While the effects of temporal autocorrelation have
also received some attention, the potential of manipulating disturbance autocorrelation to achieve
management goals has not been theoretically explored. We consider the interactions between
temporal autocorrelation of disturbance occurrence and disturbance intensity at varying
disturbance frequencies. Using an annual plant model, we show that when intensity and
frequency are kept constant, changing the temporal autocorrelation of disturbance occurrence can
also affect competitive outcomes. Additionally, we show that when species coexist, the degree of
autocorrelation can affect which species reaches higher densities. We describe several examples
(including prescribed burning, grazing and mowing) which outline how manipulation of
temporal autocorrelation may be used to achieve conservation and eradication goals at no
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additional cost. Our results provide important insights for, and have potential application to, land
management and conservation. While changing the intensity and frequency of human-induced
disturbances can be costly, adjusting the temporal autocorrelation of disturbance occurrence may
be considered a “no-cost manipulation”. In instances where a land manager lacks the funds or
resources to manipulate other aspects of disturbance, such as intensity and frequency, changing
the temporal autocorrelation may provide an effective, economical alternative.

Keywords:
Adaptive management, Competition, Disturbance, Disturbance aspects, Reciprocal-Yield Law,
Species coexistence, Temporal autocorrelation

Introduction:
The effects of disturbance on diversity in ecological systems have been studied for
decades (Grime 1977; Connell 1978; Sousa 1984; Pickett, Collins & Armesto 1987; Mackey &
Currie 2001). While disturbance is not essential for species coexistence, a wide array of
theoretical and empirical studies suggest that disturbance plays an important role in coexistence,
especially in disturbance-prone communities (Pickett & White 1985; Petraitis, Latham &
Niesenbaum 1989; Chesson & Huntly 1997; Roxburgh, Shea & Wilson 2004; Miller & Chesson
2009). The more recent of these studies utilize Chesson’s (1994) general theoretical framework
for species coexistence in variable environments. However, researchers have struggled to
produce a unified treatment of disturbance, questioning its relative importance and the generality
of observed diversity–disturbance patterns (Shea, Roxburgh & Rauschert 2004; Mackey &
Currie 2001). Miller, Roxburgh and Shea (2011a) point to the complex, multi-faceted nature of
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disturbance to explain this lack of common ground. The ecological effects of disturbance are
complicated, because disturbances have various distinct aspects, namely return time, intensity,
extent, timing and duration (Gill 1975; Pickett & White 1985; Menges & Hawkes 1998; Shea et
al. 2004; Haddad et al. 2008). All of these aspects are relatively independent quantities that can
be measured for a particular disturbance event: the time since the last disturbance (return time,
which results in the frequency for a disturbance regime), the vigour of the disturbing force
(intensity), the area affected (extent), the timing of the disturbance occurrence relative to the
species’ growth cycle (timing or seasonality) and how long a disturbance lasts (duration).
Several studies have begun to disentangle the effects of these aspects, both individually (Collins
2000; Miller, Roxburgh & Shea 2011b) and in concert (Miller, Roxburgh & Shea 2011a; Zhang
& Shea 2011).
However, even these five aspects of disturbance events fail to fully describe disturbance
processes. Many theoretical studies make the assumption that all disturbance events are
independent and identically distributed (Shea, Roxburgh & Rauschert 2004; Svensson,
Lindegarth & Pavia 2009). While this is a very useful assumption that has cleared the way for
some invaluable advances in the theory of disturbance, we extend this work by relaxing the
assumption and allowing for autocorrelation of disturbance occurrence. Indeed, empirical
findings have shown that disturbance events are not necessarily independent over time. Rather,
natural disturbance events are often autocorrelated, because previous disturbance occurrences
can affect when future events will occur (Sousa 1984; Pickett & White 1985; Poff 1992; Gill &
Allan 2008). Thus, it is also important to consider properties of the overall disturbance regime,
rather than only a single disturbance event (Gill 1975; Pickett & White 1985). While all five of
the aspects mentioned above may be extended to pertain to the entire disturbance regime by
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considering the mean value of the aspect quantifications over all the individual disturbance
events (in the case of return time, it is common to consider the reciprocal, the frequency of
disturbance), the temporal autocorrelation of disturbance occurrence is a characteristic unique to
the disturbance regime in that it cannot be meaningfully applied to a single event. Though there
has been some consideration of the effects of temporal autocorrelation of disturbance (Moloney
& Levin 1996; Johst & Wissel 1997; Tuljapurkar & Haridas 2006; Snyder 2008; Schreiber &
Ryan 2010) and spatial autocorrelation of disturbance events (Gill, Allan & Yates 2003; Johst &
Dreshler 2003; Vuilleumier et al. 2007; Elkin & Possingham 2008), here we specifically
consider how the interactions between autocorrelation and intensity at varying frequencies affect
competitive outcomes, and how these outcomes may be used to improve management efficacy.
The community consequences of these interactions have potential applications for land
management and conservation. The premise of utilizing disturbance to achieve management
goals involves the intentional introduction of a disturbance to the system, or the alteration of an
existing disturbance regime. For instance, land managers often implement prescribed burning,
controlled flooding, pesticide application, and mowing to either promote species diversity (hence
coexistence), or to control an invasive species. The level of autocorrelation of such
anthropogenic disturbance occurrences may be altered at little to no cost to the manager. To
illustrate, consider a land manager who can afford to mow her field 25 times over the next 50
years, a frequency of 0.5. She may choose a number of distinct disturbance regimes at this
frequency (e.g. mow every other year for 50 years, mow for 25 consecutive years and then not
for the final 25, etc.), all of which will carry an identical total cost (assuming no economic
discounting). The variable being manipulated in these regimes is autocorrelation (see “materials
and methods” for explanation and implementation of autocorrelation). In this paper, we
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demonstrate that manipulating the autocorrelation of disturbance occurrence can influence
community properties, specifically species’ densities and species coexistence. Using a wellknown annual plant model, we show that, given a constant frequency and intensity, the level of
autocorrelation of disturbance occurrence can affect whether the end result is stable coexistence
or competitive exclusion. Furthermore, we show that even when manipulating the
autocorrelation cannot produce the desired competitive outcome, such changes can affect the
density of each species, giving the manager the ability to choose which species dominates the
community. While our model is not designed to give specific recommendations for any
particular real community, our results highlight that the manipulation of disturbance
autocorrelation may be a potentially valuable tool for land managers. For specific
recommendations in a given system, our methods can readily be applied to purpose-built
community models, or even directly tested empirically.

Materials and Methods:
Model:
To determine the interactions between temporal autocorrelation of disturbance
occurrence and intensity, we developed an annual plant model that builds upon similar models
that have been used to study the effects of aspects of disturbance on coexistence (Chesson 1994;
Roxburgh, Shea & Wilson 2004; Miller, Roxburgh & Shea 2011a). Our model is a system of
stochastic finite-difference equations and incorporates the Reciprocal Yield Law (Shinozaki
1956; Ellner 1985) to describe the reduction of seed yield due to competition. Here “reciprocal
yield” refers to the assumed inverse relationship between the population density of mature plants
in the community and the species’ per capita seed yield. The strength of this relationship is
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controlled by a competition parameter,

. A high value of

represents the presence of

species k seeds having a strong, negative impact on the ability of species j seeds to grow and
survive.
Our model includes the following species life history parameters: germination rate (G),
seed bank survival (s) and seed yield (Y). We use a common notation, letting
number of seeds of species j at time t. We define

, where

represent the

(the finite rate of

increase of species j at time t) is equal to
.
Here

is defined as
,

which, ecologically, is the number of species j seeds that germinate in a given year,
adjusted by the competition term

. Note that the intraspecific competition coefficients,

are set equal to 1 without loss of generality (Ellner 1985). Finally,

,

represents the decrease in

seed yield at time t due to disturbance and is explained further below.

Disturbance process:
The disturbance regime in our model is controlled by three parameters: autocorrelation of
disturbance occurrence (ρ), intensity (I) and frequency (F). To illustrate autocorrelation, we
show several examples of disturbance regimes at various autocorrelation levels (Table 1-1).
Zeros represent years with no disturbance, and ones represent years that do have a disturbance.
Autocorrelation (ρ) is measured on a scale from -1 to 1. A disturbance occurrence
process with an autocorrelation of -1 is completely deterministic. At each time step, or each
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year, there will be a disturbance occurrence if there was not an occurrence at the previous time
step, and likewise there will not be a disturbance occurrence if there was one at the previous time
step. An autocorrelation of 0 means that the likelihood of a disturbance occurrence at any given
time step is independent of the previous time step. In this case, disturbance occurrence is an
independent, identically distributed Bernoulli process with the probability of success
(disturbance occurrence) equal to the frequency. That is, the disturbance occurrence process is
analogous to tossing a coin (weighted according to the frequency) at each time step. Finally, a
process with an autocorrelation of 1 will again be deterministic, and the presence of disturbance
at any given time step will be identical to that of the previous time step.
Intensity (I) is defined as the proportion the of seed yield that is destroyed by the
disturbance. It should be noted that this is a measure of the response of species and not a
physical quantity, and that this response is the same for each species. Frequency (F) is defined
as the proportion of years during which a disturbance occurs. Therefore, both I and F are values
between 0 and 1. In disturbance-years, we set
. Thus,

. In non-disturbance years, we set

reduces the seed yield by I per cent for disturbed years and has no effect for

non-disturbed years.

Analysis methods:
We use invasion analysis methods to establish stable coexistence. In brief, stable
coexistence is indicated when both species have a positive long-term, low-density growth rate
, which describes how species grow when introduced at a low density in the presence
of an established resident (Chesson 1994). In order to calculate the value of

of both species for

a range of autocorrelations, intensities and frequencies, we use three simulation parameters:
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number of autocorrelation steps, number of intensity steps and number of time steps. The
simulation can be run at any fixed frequency and calculates the value of

for both species at

each combination of autocorrelation and intensity. Using the methods of Lunn and Davies
(1998) to generate correlated binary data, we ran the simulation at frequency 0.5 using 100
autocorrelation steps ranging from -0.99 to 0.99, 100 intensity steps running from 0.01 to 0.99
and 10,000 time steps, representing 10,000 years. In this paper, we use frequency 0.5 as our
primary example, although our results are qualitatively robust to changes in frequency. We
created streams of autocorrelated, binary data over the full range of autocorrelation (-1 to 1) at
this frequency by using a simple Markov process. It is difficult to create streams of
autocorrelated binary data over the full range of autocorrelation for arbitrary frequencies, and for
values near -1 it may be unknown (Emrich & Piedmonte 1991). Therefore, we only consider
positive autocorrelations when we expand the simulation to other frequencies. However, our
results show that interactions between autocorrelation and intensity are much stronger at positive
autocorrelations, making our focus on this range appropriate. If

is positive for both species,

then stable coexistence is established for that particular combination of autocorrelation and
intensity. We illustrate coexistence regions by shading the portion of the parameter space for
which stable coexistence has been established in an autocorrelation vs. intensity plot. To ensure
that our results do not depend strongly on species’ life-history parameters, we conducted
sensitivity analyses by generating coexistence regions analogous to those in Fig. 1-1b for small
relative and absolute changes to each of the eight species parameters; these changes make no
substantial difference to the shape of the coexistence regions (results not shown). Finally, we
interpret our model in terms of three commonly-used management strategies, to illustrate the
management potential of our work.
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Results:
Our results show that the level of autocorrelation of disturbance occurrence can have a
significant impact on species coexistence (Fig. 1-1). Fig. 1-1B shows that at a fixed intensity,
species 1 may competitively exclude species 2, the species may coexist, or species 2 may
competitively exclude species 1. The shaded area represents combinations of autocorrelation
and intensity where both species coexist. The area to the left of this coexistence region
represents the combinations for which species 1 will competitively exclude species 2. The area
to the right of the coexistence region shows combinations of autocorrelation and intensity that
will lead to species 2 competitively excluding species 1. Manipulating autocorrelation with
respect to this coexistence region has the potential to alter competitive outcomes, or relative
species densities, and these effects have potential benefits when applied to management. To
illustrate, we provide examples for three management strategies: prescribed burning, grazing and
mowing.
Example one:
Prescribed burning is a common disturbance used by land managers to control
community composition, manage spread of invasive species, conserve endangered species, and
reduce potential damage to human settlements (Gill 1977; Richards, Possingham & Tizard 1999;
Van Dyke et al. 2004). We consider a land manager who desires to manage two species of
annual plants using this method. Assume that he is interested in conserving diversity, and the
objective is for the species to coexist. If species and disturbance parameters are as indicated by
point X in Fig. 1-1B, we see that species 1 will competitively exclude species 2. A slight
increase in intensity will produce coexistence, but suppose the land manager lacks the necessary
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funds to control hotter fires. Fig. 1-1B shows that coexistence may also be achieved with a slight
decrease in autocorrelation (i.e. a downward movement from point X into the coexistence
region). Because the average number of disturbances per unit time remains fixed, this change
requires no additional man-hours. Thus, manipulating autocorrelation can provide an effective
means to meet management goals without incurring additional costs.
Example two:
Another common management strategy is the use of grazing (Vujnovic, Wein & Dale
2002; Hickman et al. 2004). Instead of conserving diversity, suppose the land manager desires
to eradicate an invasive annual plant species (species 2). If species and disturbance parameters
are as point Y in Fig. 1-1B, we see that the species will coexist. The manager desires species 1
(the native species) to competitively exclude species 2 (the invasive species); this outcome
occurs in the area to the left of the coexistence region. To move the system to this area, she may
either decrease intensity or increase autocorrelation. Depending on specific circumstances,
decreasing the intensity (reducing stocking rates) may result in financial losses, but increasing
autocorrelation is likely to be a no-cost decision.
Example three:
Unlike grazing and burning, mowing allows the land manager a higher degree of
precision (DiTomaso 2000; Van Dyke et al. 2004). Suppose we reverse the roles of the species
so that species 1 is now invasive. The manager desires species 2 to competitively exclude
species 1. The current disturbance regime is identical to the previous example, so the species
currently coexist. To achieve the stated management goal, he must select a combination of
intensity and autocorrelation to the right of the coexistence region. This situation is similar to
the first example in that the manager must either increase intensity or decrease autocorrelation.
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There may be situations where the height or the density of field vegetation, risk of soil erosion,
or the need for new equipment may render such high intensity mowing impractical. In these
cases, changing the autocorrelation may present a viable alternative.
Fig. 1-2 illustrates the changes in the autocorrelation vs. intensity coexistence region that
take place when we fix the frequency of disturbance at different values. Three cross-sections
show that the shape of the coexistence region is robust to changes in frequency. However, we
note that the base of these coexistence regions correspond with the coexistence region in the
intensity-frequency plane (Miller, Roxburgh & Shea 2011a). Fig. 1-2 as a whole illustrates how
the frequency vs. intensity coexistence region fits together with the autocorrelation vs. intensity
coexistence regions in three-dimensional space.
The effects of autocorrelation are not confined to influencing competitive outcomes.
Even within the coexistence region, different patterns of species population dynamics emerge.
Figs. 1-3A,B show that for the highest autocorrelation levels that result in coexistence, species 1
consistently exhibits a higher population density than species 2. As autocorrelation is decreased,
the density of species 1 decreases and the density of species 2 increases. With the decrease in
autocorrelation, the species switch roles. At the lowest levels of autocorrelation, species 2
exhibits the higher population density (Figs. 1-3E,F).
We illustrate this control of species density further in Fig. 1-4. For all results presented so
far, we have used a stochastic disturbance occurrence process. Recognizing that this stochasticity
may be difficult to implement from a logistical perspective, here we use a completely
deterministic disturbance occurrence process. From year zero, the disturbance occurs in fouryear blocks, i.e. 00001111, etc. At year 50, we change the autocorrelation of disturbance
occurrence from 0.5 to -1, so that disturbance occurs every other year, 0101, etc. In just 30 years
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following this change, the density of species 1 decreases substantially; manipulating
autocorrelation can generate significant impacts in reasonable time frames.

Discussion:
Since the influential work of Connell (1978), great strides have been made toward
understanding the role of disturbance in promoting species coexistence (Petraitis, Latham &
Niesenbaum 1989; Svensson, Lindegarth & Pavia 2009; Haddad et al. 2008). However, despite
the clear potential for real world applications, much of the previous work has been largely
focused on developing a deeper basic understanding of disturbance (Moloney & Levin 1996;
Roxburgh, Shea & Wilson 2004; Snyder 2008; Miller, Roxburgh & Shea 2011a). In this paper,
we are particularly interested in using and extending insights provided by such theoretical work
to explore potential applications to management (including pest control, conservation and
restoration). While manipulation of disturbance aspects may be logistically or financially
prohibitive, alteration of autocorrelation in these aspects will often have no (or relatively low)
cost. We acknowledge that high levels of autocorrelation may require a large initial expenditure
followed by a large saving or a large initial savings followed by a large expenditure. While these
may carry some important financial implications, the general notion that the same amount of
money is being spent is still valid. Moreover, a change in how the expenditure is allocated
across time is equally likely to result in a slight savings as it is to result in a slight additional cost.
Thus we here focus on the potential management benefits of manipulating temporal
autocorrelation.
From the three examples in the results section, we see that manipulating autocorrelation
can alter species coexistence results. However, even if a manager cannot achieve his coexistence
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or eradication goals, changing the autocorrelation level may still yield benefits at the population
dynamics level. We recall that in example three, the goal of eradicating species 1 can be attained
by increasing intensity. If the manager’s financial situation is such that he cannot afford to
increase the intensity higher than that of point Z in Fig. 1-1B, we see that no change in
autocorrelation (vertical movement on Fig. 1-1B) will move the system parameters to the right of
the coexistence region as desired. However, by changing the autocorrelation level, the manager
may still be able to mitigate the effects of the invasive species by lowering its population density.
From the species density plots in Fig. 1-3, we see that even though all of the plots show species
coexistence, the population dynamics change as the level of autocorrelation is changed. The
invasive species (species 1) has a high density at the highest levels of autocorrelation that result
in coexistence. As autocorrelation is decreased, the density of the invasive species decreases
while the density of the native species increases. At autocorrelation -0.99, we see that the native
species (species 2) consistently exhibits a higher density than the invasive species. So while
manipulating the autocorrelation fails, in this case, to produce the desired competitive exclusion
outcome, a manager may still depress the density of the invasive species by lowering the
autocorrelation, thus minimizing its undesirable effects, especially if such a decrease reduces the
invader below an economic damage threshold. Of course, it is important for the manager to
identify his specific management goal, as the optimal strategies for complete eradication and
density reduction may be different (Shea et al. 2010).
Taking a step back from specific examples, we consider the general shape of the
coexistence region in Fig. 1-1B. This pattern of coexistence is somewhat surprising and counterintuitive. At high levels of autocorrelation, we might expect to conserve diversity by decreasing
the intensity to counteract the high autocorrelation. However, Fig. 1-1B shows that the opposite
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is true. Rather, higher intensities are required to maintain coexistence at high levels of
autocorrelation. This general pattern was evident for all combinations of species and disturbance
parameters that we examined, and Moloney and Levin (1996) found a similar result using
disturbance rate, defined as the average area affected per unit time, instead of intensity.
In each of our example scenarios, the frequency of disturbance occurrence was fixed at
0.5. Of course, varying the frequency may change how autocorrelation interacts with intensity.
Miller, Roxburgh and Shea (2011a) have shown how frequency and intensity interact at zero
autocorrelation. In this study, we have extended this earlier work to include the effects of nonzero autocorrelation. Fig. 1-2 shows how the frequency vs. intensity coexistence region can be
combined with the intensity vs. autocorrelation coexistence regions from this study to form a
frequency vs. intensity vs. autocorrelation coexistence region in three-dimensional space. With
some exceptions (e.g. mowing, for which changing the intensity may have low cost),
autocorrelation is the only one of these variables that may be changed or easily controlled at no
additional cost.
We have used our disturbance framework to demonstrate that temporal autocorrelation of
disturbance occurrence has the potential to alter competitive outcomes and, in cases of
coexistence, change population density dynamics. However, it is important to clarify that the
purpose of this work is to illustrate the concept of autocorrelation and its possible utility, rather
than to provide a direct application to management. In principle, our approach could be used to
make recommendations for a specific system and objective, though a new model designed and
parameterized specifically for the system in question would be necessary. In some systems,
managers may not know enough about the system and its potential dynamics to manipulate
disturbance appropriately. In such cases, the use of adaptive management (intervention with a
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specific plan for learning about the system while managing: Shea et al. 2002, Williams, Szaro &
Shapiro 2009) to learn how autocorrelation affects their particular systems would be
recommended. Though determining e.g. seed bank survival can be time consuming and
expensive, many land managers do have access to species trait parameters for their communities
that could be used in appropriate models.
While we have not restricted the framework to any specific time scale for this study,
managers are often more concerned with short-term results. Adaptive management would also be
an effective tool to learn how short-term behaviour may differ from behaviour in the long-run.
Although the effects of changing autocorrelation may take many years to become apparent in
some systems, our results (Fig. 1-4) show that relatively rapid results can be achieved in annual
plant communities. Finally, we note that while competitive exclusion will theoretically occur at
any point outside the coexistence region, the rate of exclusion is not uniform, and competitive
exclusion will occur at faster rates when the system parameters are farther away from the
coexistence region.
Although our work shows that there is large management potential in manipulating
autocorrelation of disturbance, there are other caveats to our approach. First, our model only
describes annual plants. However, in savannas, prairies, and alpine meadows, annual species are
well represented, and amenable to disturbance-based management. Second, while we have
presented our results in terms of stochastic disturbance occurrence, we recognize that this may
not be tractable for land managers, because using a randomized disturbance occurrence process
may cause staffing issues. As we illustrate in Fig. 1-4, our results are also valid for deterministic
disturbance regimes, and thus control can be achieved via a fixed schedule of disturbance. In a
real-world context, the cyclical densities depicted in Fig. 1-4 may also be utilized to help meet
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management goals, for instance by applying additional control methods at key points in the
cycle. Finally, we note that in our model, competition between species plays a key role,
influencing coexistence and community diversity. However, other models of conservation based
on disturbance and succession do not explicitly invoke strong species interactions (e.g. Richards,
Possingham & Tizard 1999), and understanding how disturbance autocorrelation affects
community composition in such models will be an interesting area for future investigation.
We have chosen here to focus on temporal autocorrelation of disturbance occurrence,
perhaps the most intuitively obvious form of autocorrelation. However, the scope of
autocorrelation in general is much wider than this. For example, many models have provided
evidence that spatial environmental autocorrelation can also have an effect on species
coexistence (Moloney & Levin 1996; Snyder 2008), and extinction risk (Johst & Dreshler 2003;
Vuilleumier et al. 2007). Furthermore, one might consider the potential effects of
autocorrelation of other aspects of disturbance, such as extent or timing. The logic used to show
that temporal autocorrelation of disturbance occurrence can be changed at no additional cost may
be qualitatively extended to include autocorrelation of other disturbance aspects.
The effects of autocorrelation for every aspect of disturbance share the same intriguing
factors: the potential to change competitive outcomes and affect diversity maintenance and
invader management at a minimal additional cost. Indeed, this work has the potential to provide
more options for land managers who are forced to make difficult decisions under tight budget
constraints. However, only through a firm commitment to learning how these processes work in
their particular field environments can this flexibility be achieved.
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Tables:
Table 1-1: Disturbance occurrence patterns at varying levels of autocorrelation
Autocorrelation (ρ)
Disturbance Regime
-1
…01010101010101010101…
0
000101100100100110011011101001001001
(disturbance occurrence is an independent Bernoulli process with
probability of success (disturbance occurrence) equal to the frequency)
.99
…00000000000000000111111111111111111…
1
…11111111111111… OR …000000000000…
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Table 1-2: Summary of terms in simulation model
Germination Rate
Seedbank Survival
Seed Yield
Competitive effect of species k on species j
Temporal autocorrelation of disturbance occurrence
Intensity
Frequency

G
S
Y
Ρ

I
F
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Figures:

A

B

Fig. 1-1 (A): Growth rate of each species across autocorrelation and intensity as a surface. The
shaded area shows where both species have a positive growth rate from low density, in the presence of an
established resident, which leads to coexistence. It also shows that distinct species competitively exclude
the other on either side of the coexistence region. Depending on the levels of autocorrelation and
intensity, species 1 may competitively exclude species 2, species 2 may competitively exclude species 1,
or the two species may coexist. (B) Projection of coexistence region where

> 0 for each species. The

shaded region represents values of autocorrelation and intensity where each species has a positive growth
rate, which corresponds to stable coexistence. The non-shaded regions will lead to competitive
exclusion, with only one species remaining. X, Y and Z are points used to illustrate the case studies.
Species parameters (species 1, species 2): Y = (0.9, 1.1), s = (0.4, 0.6), G = (0.6, 0.4), α12 = 0.9, α21 = 1.1;
Frequency = 0.5
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Fig. 1-2: Coexistence region in a three-parameter space (autocorrelation, frequency, intensity).
The base of the figure shows coexistence in the frequency-intensity plane, analogous to Fig. 1B in Miller
et al. (2011a). To illustrate the shape of the coexistence region (a solid volume in three dimensions), only
a few cross-sectional slices (analogous to Fig. 1B) in the autocorrelation-intensity plane are plotted
(frequency = 0.2, 0.5, 0.8). Species parameters are as in Fig. 1-1.
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F

F

Fig. 1-3: Species density plots at varying levels of autocorrelation.
All six density plots show stable species coexistence. However, the patterns of density dynamics
differ. At the highest levels of autocorrelation that result in coexistence, species one permanently exhibits
a higher population density than the species two (A,B). As autocorrelation is decreased, the density of
species one decreases and the density of species two increases. At strongly negative autocorrelations, the
roles are reversed. Species two permanently exhibits a higher density than species one (E,F). Species
parameters are as in Fig. 1-1, Frequency = 0.5, Intensity = 0.5.
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Fig. 1-4: Species-density plot with a change in autocorrelation from 0.5 to -1 at year 50. The
density of species 1 decreases relatively quickly following the change. Species parameters are as in Fig.
1-1, Frequency = 0.5, Intensity = 0.68
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Chapter 2
Stacked crop rotations exploit weed-weed competition for sustainable weed
management
This paper has been submitted for consideration for publication:
Garrison, A., Miller, A.D., Ryan, M.R., Roxburgh, S.H. & Shea, K. Stacked crop rotations
exploit weed-weed competition for sustainable weed management. Unpublished
manuscript.

Abstract:
Crop rotation has long been considered one of the simplest and most effective tools for
managing weeds. In this paper, we demonstrate how crop rotations can be strategically arranged
to harness a novel mechanism of weed suppression, weed-weed competition. Specifically, we
consider how crop stacking, or increasing the number of consecutive plantings of a single crop
within a rotation, can decrease the size of the weed seed bank. Using an annual plant model, we
investigate the theoretical effects of stacked crop rotations on weeds that have different lifehistory strategies and phenology. Our results show that when weeds compete within a season,
stacking can reduce the weed seed bank compared to rotations without stacked crops. Although
more research is needed to fully understand the effects of crop stacking on other pests and
nutrient cycles, our research suggests that crop stacking has the potential to improve weed
suppression without additional inputs, and their associated costs and externalities. Moreover,
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improving management by changing the sequence of tactics applied (the disturbance
autocorrelation) is a novel, process-based approach that could likely be applied to other weed
management practices, such as mowing and herbicide application, and which could involve
mechanisms other than weed-weed competition. Leveraging this new and existing ecological
theory to improve weed management strategies holds great promise.

Key Words: Autocorrelation, corn, disturbance, rape, Reciprocal-Yield Law, soybean, wheat

Introduction:
Using ecological theory to develop cropping systems and inform weed management
strategies can improve weed suppression and decrease reliance on traditional control tactics such
as herbicide application. There is also potential to reduce environmental impacts, increase
provisioning of ecosystem services, and ultimately lead to a more sustainable agriculture.
Community ecology research is relatively common in the weed science literature and assembly
theory has recently been applied to characterize weed community responses to different
management practices and environmental conditions (Booth and Swanton 2002; Ryan et al.
2010; Storkey et al. 2010). Theoretical frameworks have advanced our knowledge and improved
management strategies, though more work is needed before weed community dynamics can be
effectively predicted and manipulated. Ecological theory has also contributed to the development
of ecological weed management, which is focused largely on exploiting ecological phenomena to
manage weed population dynamics and reduce weed-crop competition (Liebman and Gallandt
1997; Liebman and Davis 2000; Liebman and Staver 2001; Bastiaans et al. 2008). Here, we build
on recent theoretical research on the role of disturbance in maintaining species diversity and
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describe a novel, and often overlooked, mechanism of weed suppression that can be leveraged to
improve cropping system sustainability: weed-weed competition.
Pickett and White (1985) define a disturbance as “any relatively discrete event in time
that disrupts ecosystem, community, or population structure and changes resources, substrate
availability, or the physical environment.” By this definition, the production of a crop in an
agroecosystem, including the biological effects of the crop as well as any ancillary management
activities, may be considered a type of disturbance to weed populations. Since the work of
Pickett and White (1985), many steps have been taken toward understanding the role of
disturbance in species coexistence. For example, several coauthors of this paper have explored
different mechanisms of coexistence (Miller and Chesson 2009) and the importance of
considering multiple aspects of the disturbance regime such as intensity, frequency and timing
(i.e. seasonality) (Roxburgh et al. 2004; Shea et al. 2004; Miller et al. 2011; Miller et al. 2012a;
Miller et al. 2012b; Zhang and Shea 2012). Using a simple annual plant model that accounts for
reductions in fecundity from increased density, Garrison et al. (2012) demonstrated that
manipulating the autocorrelation of disturbance occurrences could be used to control population
densities in plant communities without increasing management costs. We expand on this work
and explore the potential for weed suppression from manipulating the autocorrelation of
disturbance caused by the production of crops in a rotation.
Crop rotation has long been considered a powerful tool for managing weeds. For
example, Leighty (1938) (quoted in Gallandt (2009)) stated: “Rotation of crops…is the most
effective means yet devised for keeping land free of weeds. No other method of weed control,
mechanical, chemical, or biological, is so economical or so easily practiced as a well-arranged
sequence of tillage and cropping." From an ecological perspective, the effectiveness of rotating
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crops stems from the fact that dissimilar crops have different ecological niches and impose
diverse stresses and mortality factors, reducing the ability of weed communities to adapt and
populations to expand (Liebman and Staver 2001). For organic growers, or in situations where
control tactics are limited (e.g. vegetable production) or are no longer effective (e.g. farms with
herbicide resistant weeds), implementing strategic crop rotations can be a practical process-based
cultural weed management practice that reduces the need for direct control tactics such as
cultivation and herbicides. As Mohler (2009) stated: "Rotation planning is a key way organic
growers can substitute brain power for labor and purchased inputs".
Previous research has illustrated the weed suppression benefit of diversifying crop
rotations with weed suppressive or "cleaning" crops such as cereals or alfalfa. Westerman et al.
(2005) used matrix models to compare weed population dynamics in a 2-yr (corn–soybean) and
reduced-input 4-yr (corn–soybean–triticale–alfalfa) crop rotation and showed that despite only
18% of the herbicide input of the 2-yr rotation, population growth of a common summer annual
weed could be nearly halted in the 4-yr rotation because of increased stressors and mortality
factors. Numerous empirical studies also support the notion that diversifying crop rotations with
cereal crops decreases summer annual weed populations (e.g. Schreiber 1992; Doucet et al.
1999). One criticism of this approach is that weed suppressive crops such as cereals are typically
less profitable than corn or soybean, and thus diversifying crop rotations with these crops can
reduce short-term profitability. More recently, researchers have started to explore the role of crop
sequences within rotations on weed suppression. Crop sequence can have a profound effect on
weed population dynamics, which is in part due to soil weed seed bank legacy effects (Eyre et al.
2011; Ryan et al. 2011). For example, Doucet et al. (1999) reported greater weed populations in
plots where corn was grown the previous year compared to where soybean or wheat were grown.
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Similarly, Anderson (2005, 2009) observed the weed suppression benefits of two cool season
and then two warm season crops in a long-term field experiment in the Central Great Plains.
Using a simulation model, Anderson (2004) demonstrated the weed suppressive effect of a
strategic crop rotation sequence of two warm season crops followed by two cool season crops.
The mechanistic basis for enhanced weed suppression from this crop rotation is related to the
rapid loss of viable seed in the soil seed bank during the first two years after seed rain. Thus, by
preventing summer annual weed seed additions to the soil seed bank for two years, summer
annual weed populations quickly decrease, with the same effect occurring for winter annual
weeds during the opposite phase of the rotation.
In this paper, we present a heuristic theoretical model to illustrate a different, yet
complementary, mechanism of weed suppression that can be influenced by strategically
sequencing crops in a rotation. We demonstrate the role of weed-weed competition and
investigate the potential applications of manipulating autocorrelation via changing crop rotation
patterns. To many, utilizing weed-weed competition as a management tactic may seem academic
or impractical because of the underlying assumption that weeds are present at sufficient levels
that they compete with one another. However, this concept has been suggested for its potential
role in sustainable weed management (Munier-Jolain et al. 2002), and may be particularly
relevant in organic cropping systems where weeds tend to be more abundant (McCloskey et al.
1998). Recent empirical research has also shown how disturbance timing can influence weedweed competition and mediate weed community composition in no-till planted soybean (Nord et
al. 2012).
A relatively simple way to manipulate autocorrelation is to change the number of
consecutive plantings of a single crop before switching to the next crop in the rotation—a
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practice known as crop stacking (Derksen et al. 2002). Moreover, despite limited research,
stacked crop rotations (e.g. corn-corn-soybean-soybean-wheat-wheat) have been discussed at
grower meetings and promoted in trade magazines (e.g. Hagny 2001). Beck (2003) described
stacked rotations as a way to confuse pests and introduce diversity without necessarily
introducing new crops and has reported that two consecutive plantings can lead to improved
agronomic and economic outcomes. Expanding upon this work, we consider rotations with two
or more consecutive plantings of a single crop species, and define the number of these
consecutive plantings as the “stacking number” of the rotation.

Materials and Methods:

Model: To determine the effects of stacking number on weed density, we developed an annual
plant model, derived from the Reciprocal Yield Law (Shinozaki and Kira 1956; Ellner 1985;
Miller et al. 2011). The law assumes an inverse relationship between population density of
mature weeds in the community and per capita seed yield. This assumption is a highly simplified
description of plant competition, but it has strong predictive power in many diverse real systems
(Radosevich 1987; Maxwell and O’Donovan 2007). High seed yields result in high degrees of
competition among seedlings, which ultimately leads to reduced adult fecundity. The strength of
this inverse relationship is represented by a competition term, α . A high value of this parameter
represents weed k seeds being strong competitors against weed j seeds.
Our model incorporates three life history parameters: seed bank survival rate (s),
germination rate (G), and seed yield (Y). Using a standard notation, we let

represent the
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number of seeds of weed species j at time t in the weed seed bank. We define
where

,

(here, the “growth rate”) is equal to

represents the effect of competition and is defined as
.
From an ecological perspective, this equation describes the impact on species j of all
germinating weeds in a given year, adjusted by the competition parameters α . Note that the
coefficient of the first term, α , represents the effect of intraspecific competition. Finally,
represents the decrease in seed yield of weed species j at time t due to disturbance caused by a
certain cropping system, and is explained in detail below.

Disturbance Process: Weed life cycles are disturbed by crop production. In this case, the
disturbance is caused by a combination of effects including: physical effects such as primary
tillage to prepare seed beds, cultivation or herbicide applications that directly target weeds, and
harvesting operations and biological effects such as competition from the crop. All these
processes can adversely affect per capita seed yield of weed species. In this paper, we consider
three specific crop rotations: soybean-wheat (S-W: one warm season crop and one cool season
crop), corn-soybean-wheat (C-S-W: two warm season crops and one cool season crop), and cornsoybean-wheat-rape (C-S-W-R: two warm season crops and two cool season crops).
We examine the effects of these different crop rotations on an example community of
four weed species, which we name according to the strategies described by their life history
traits: “competitive”, “fecund”, “conservative”, and “risky”. The presence of seeds of the
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competitive species has a strong, negative impact on the ability of seeds of the fecund species to
survive to maturity, while the fecund species has a much higher seed yield. Conservative means
that the species has a low germination rate and high seed bank survival, indicating that its
population is less sensitive to disturbance caused by crop production. On the contrary, the risky
species has low seed bank survival and high germination rate, which lets it capitalize on “good”
(from the point of view of resource availability for the weed) years, though it suffers more
damage from crop production. For purposes of illustration, we assume that the competitive and
fecund weeds grow in the summer, while the conservative and risky weeds grow during the
winter. In principle, these strategies can be manifest in any season, but we present our main
results in terms of this fixed example community.
The disturbance regime in our model is controlled by two types of parameter: Stacking
number (S) and the intensity of damage inflicted by crop c on weed j (

). The stacking number

is equal to the number of consecutive plantings of a single crop before moving to the next
distinct crop in the rotation. To illustrate the concept of stacking, we show the disturbance
regime of a corn-soybean-wheat crop rotation for stacking numbers one through four in Table 21.
The intensity (

) is defined as the proportion by which the seed yield (of weed j) is

reduced by the disturbance (crop c). As described above, this is a measure of the response of
weed species (in terms of per capita seed yield) to all features of the cropping system. The value
of the intensity largely depends on the phenology of the weeds and crops. Previous research on
the effects of crop rotations has shown that integrating cool season crops (e.g. winter wheat) into
a rotation dominated by warm season crops (e.g. corn and soybean) can effectively reduce
summer annual weeds (Anderson 2009). This is because different crops provide different
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opportunities for weeds and in this case warm season crops provide opportunities for warm
season weeds and vice-versa. Thus, the same disturbance does not affect all weeds uniformly,
and the intensity can be different for each weed and crop pair. This assumption has been well
supported empirically from some crop-weed pairs, though parameter values are unknown for
many crop systems and weed pests (Clay et al. 2005). Finally, crop disturbance is defined as
, where
the seed yield of weed j by

is dependent on the type of crop planted at time t. Thus,

reduces

percent.

Analysis Methods: We use MATLAB to simulate this model for the three crop rotations listed
above for stacking numbers one through four for 1,000 years. Total mean number of weed seeds
(to which we refer as density, for brevity and as this is a non-spatial model) is calculated by
averaging the total yearly densities from time step 400 to time step 1,000 (to eliminate the effect
of transient dynamics).

Results and Discussion:
In our four weed species example community, increasing the stacking number of a cornsoybean-wheat crop rotation from one to four while holding all other components of the model
constant decreases the total number of weed seeds by a substantial amount (Fig. 2-1). The figure
also shows that stacking does not qualitatively change weed community composition; species
ranking according to mean density is unchanged. However, stacking changed the community
structure and increased the maximum density of the risky species. This creates more competition
for the fecund species, resulting in a decrease in the total mean weed density (Fig. 2-1).
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This trend is not unique to the corn-soybean-wheat crop rotation; it also occurs with the
shorter soybean-wheat and longer corn-soybean-wheat-rape rotations (Fig. 2-1). In all cases,
increasing the stacking number decreases mean total number of weed seeds in the seed bank. It is
interesting to note that the largest benefit of stacking occurs with a change from a stacking
number of 1 to 2. Across all rotations, changing from a single stack to a double stack (e.g.
soybean-wheat to a soybean-soybean-wheat-wheat) results in a larger decrease in weed seed
density than changing from a double stack to a triple stacked rotation (soybean-soybean-wheatwheat to soybean-soybean-soybean-wheat-wheat-wheat) and so on.
To explore the reasons for the success of stacking, we consider the corn-soybean-wheat
crop rotation with three subsets of our four weed community: competitive and fecund (two warm
season weeds), conservative and risky (two cool season weeds), and fecund and risky (one warm
season weed and one cool season weed). In cases where the weeds have the same seasonality,
increasing the stacking number can decrease the mean total number of seeds for the weeds (Figs.
2-3a and 2-3b). However, this relationship is lost when weeds do not grow during the same
season (e.g. one warm season weed and one cool season weed). In this case, increasing the
stacking number has no bearing on mean total density (Fig. 2-3c). Thus, interspecific
competition among weed species is crucial to the weed-reducing impact of stacking crop
rotations in our simulation.
If we consider sample species with life-history strategies marked by more extreme
parameter values, we observe more dramatic results. For example, we evaluated the effect of
life-history trait strength by changing parameters to make our conservative and risky species
more extreme exemplars of those life history strategies. Under these more extreme parameters,
mean total abundance decreases at a faster rate as stacking number increases (Contrast Fig. 2-3b
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with Fig. 2-4. Note that the y-axis scales are not identical.). Furthermore, the relative mean
density of each species switches at higher stacking numbers; as the stacking number increases
the risky species density exceeds that of the conservative species. This may be especially
important if one weed species causes more damage than the other. In this example, if the
conservative species is a more damaging weed than the risky species, stacking is doubly useful:
It decreases the total mean density and specifically targets the most detrimental weed. With
extreme weed parameters, we also observed an interaction between stacking and crop rotation on
weed suppression. For stacking numbers one and two, the soybean-wheat crop rotation resulted
in the lowest mean total weed seed density (Fig. 2-5). However, for stacking numbers three and
four, the corn-soybean-wheat-rape rotation resulted in the lowest weed density (Fig. 2-5).
Given that our findings are based on a simulation model, and not empirical evidence,
careful interpretation that considers our assumptions and the limitations of crop stacking is
important. Crop production problems can arise when a single species is planted consecutively on
a plot of land, such as increased risk of crop insect pests and disease. Our model does not
consider these issues, which means that the approach may have reduced benefit for very high
stacking numbers (S); for this reason, and because higher stacking numbers are unlikely to be
economically robust, we restrict our stacking to a maximum of four. Although we used a specific
set of parameters to generate these results, our model shows that stacking is effective for many
different assumptions on crop and weed parameters, which cover a wide range of weed lifehistory strategies (see appendix, Figs. A1 and A2). We also note that our model is sensitive to
changes in crop intensity (I) (Fig. A3). As crop intensity encompasses all aspects of the
disturbance regime, not only the competition from crops, managers may be able to manipulate
intensity by integrating physical or chemical disturbances, as well as biological factors such as

45

crop planting density. For instance, it has been shown empirically that spatially uniform, high
density cropping systems may suppress weed density (Weiner et al. 2010; Olsen et al. 2012).
Despite these limitations, our results suggest that stacking might be an environmentally
friendly alternative or complement to the use of herbicides or soil tillage. While other weed
management tactics might carry a financial and/or environmental burden, crop stacking can be
implemented at minimal additional cost. Regardless of the number of consecutive plantings of a
single crop within a crop rotation, the total cost and benefit remains constant, and the same
proportions of each crop are planted. Moreover, stacking might be effective for managing weeds
that have developed a resistance to herbicides or in organic cropping systems where herbicide
use is prohibited.

Conclusions:
A great deal has been learned about the weed suppression benefits of strategically sequencing
crops in a rotation (Anderson 2004; Bohan et al. 2011). Here we contribute to that growing
literature by examining the potential to manipulate crop rotation patterns, specifically crop
stacking, as a tool to manage weed density. Our work is framed very generally, as a heuristic,
and is not intended to provide specific recommendations. Nevertheless, we demonstrate that
stacking crop rotations may be used to reduce overall weed density. The driving force behind the
success of stacking in our model is the exploitation of weed-weed competition and the
manipulation of this interaction by altering the autocorrelation of disturbance caused by crop
production. Despite its simplicity, the concept of utilizing weed-weed competition as a weed
management strategy is relatively novel. Moreover, manipulating disturbance autocorrelation can
likely be applied to other weed management tactics such as mowing and herbicide application
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and exploit mechanisms other than weed-crop competition. In addition to exploring the role of
disturbance autocorrelation in other process-based management strategies, future research should
focus on verifying our results by integrating weed-weed competition and crop stacking into
existing system-specific models and empirically testing the effect of crop stacking in long-term
field experiments. Through a combination of such ongoing empirical and theoretical agroecological research, we can decrease management costs and environmental impacts, and improve
overall cropping system sustainability.
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Tables:
Table 2-1: Illustration of stacking number for the corn-soybean-wheat crop rotation

Stacking
Rotation length
number (S)
(years)
Crop sequencea
0
3
C-S-W
1
6
C-C-S-S-W-W
2
9
C-C-C-S-S-S-W-W-W
3
12
C-C-C-C-S-S-S-S-W-W-W-W
a
Crop abbreviations are: C, corn; S, soybean; and W, wheat.
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Figures:

Fig. 2-1: Number of seeds vs. time for the competitive, fecund, conservative, and risky species
under a corn-soy-wheat crop rotation for stacking numbers one through four. Species and intensity
parameters (competitive, fecund, conservative, risky): seed yield, Y = (3500, 15000, 5000, 6000); seed
bank survival rate, s = (0.85, 0.60, 0.70, 0.20); germination rate, G = (0.85, 0.1, 0.2, 0.7); competition
parameters, α = (1.00 0.85 0.01 0.01; 0.70 1.00 0.01 0.01; 0.01 0.01 1.00 0.45; 0.01 0.01 0.40 1.00); and
intensity parameters, Icorn = (0.20, 0.22, 0.70, 068); Isoy = (0.25, 0.23, 0.65, 0.67); Iwheat = (0.65, 0.67, 0.25,
0.23).
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Figure 2-2: Mean total number of seeds for stacking numbers one through four for the soybeanwheat, corn-soy-wheat, and corn-soy-wheat-rape rotations. Species parameters are as in Fig. 1. Intensity
parameters (competitive, fecund conservative, risky): Icorn = (0.20, 0.22, 0.70, 068); Isoy = (0.25, 0.23,
0.65, 067); Iwheat = (0.65, 0.67, 0.25, 0.23); Irape = (0.67, 0.65, 0.20, 0.22)
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Figure 2-3: The four-species weed community is broken down into three subsets of two species
each (panels a,b,c). For each subset, the mean total number of seeds and the mean number of seeds for
each individual species is plotted for stacking numbers one through four. The rotation type is corn-soywheat. a) species and intensity parameters (competitive, fecund): seed yield, Y = (3500, 15000); seed
bank survival rate, s = (0.85, 0.6); germination rate, G = (0.85, 0.1); competition parameters, α = (1.00
0.85; 0.70 1.00); and intensity parameters,
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Icorn = (0.20, 0.22); Isoy = (0.25, 0.23); Iwheat = (0.65, 0.67); Irape = (0.67, 0.65). b) species and intensity
parameters (conservative, risky): seed yield, Y = (5000, 6000); seed bank survival rate, s = (0.70, 0.20);
germination rate, G = (0.20, 0.70); competition parameters, α = (1.00 0.45; 0.40 1.00); and intensity
parameters, Icorn = (0.70, 0.68); Isoy = (0.65, 0.67); Iwheat = (0.25, 0.67); Irape = (0.67, 0.65). c) species and
intensity parameters (fecund, risky): seed yield, Y = (15000, 6000); seed bank survival rate, s = (0.60,
0.20); germination rate, G = (0.10, 0.70); competition parameters, α = (1.00 0.01; 0.01 1.00); and intensity
parameters, Icorn = (0.22, 0.68); Isoy = (0.23, 0.67); Iwheat = (0.67, 0.23); Irape = (0.65, 0.22)
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Figure 2-4: Using a more extreme parameter set, the mean total number of seeds and the mean
number of seeds for both individual species are plotted for stacking numbers one through four. The
rotation type is corn-soy-wheat. Note that the scale of the y-axis is not identical to that of Fig. 2-3b.
Species and intensity parameters (conservative, risky): seed yield, Y = (50000, 60000); seed bank survival
rate, s = (0.70, 0.20); germination rate, G = (0.20, 0.70); competition parameters, α = (1.00 1.50; 0.50
1.00); and intensity parameters, Icorn = (0.73, 0.63); Isoy = (0.63, 0.73); Iwheat = (0.10, 0.10)
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Figure 2-5: For more extreme species parameters, the mean total number of seeds is plotted for
stacking numbers one through four for the soybean-wheat (S-W), corn-soybean-wheat (C-S-W), and cornsoybean-wheat-rape (C-S-W-R) rotations. Species and intensity parameters (competitive, fecund): seed
yield, Y = (3500, 200000); seed bank survival rate, s = (0.85, 0.60); germination rate, G = (0.80, 0.10);
competition parameters, α = (0.3 4.0; 0.2 3.0); and intensity parameters, Icorn = (0.15, 0.05); Isoy = (0.05,
0.15); Iwheat = (0.60, 0.50); Irape = (0.60, 0.60)
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Appendix:
Additional supporting figures, displaying similar results for other parameter sets, illustrate the
generality of our qualitative results.

Figure A1: In the main text, the competitive and fecund weeds were summer weeds. Here, we
consider them as winter weeds. However, the same decrease in mean number of seeds as stacking number
increases is observed. Also, the cross in the plots for the C-S-W and C-S-W-R rotation types show that
the optimal rotation type can be dependent on stacking number. Stacking number has no effect on the SW
rotation because one of the species is competitively excluded. Species and intensity parameters
(competitive, fecund): seed yield, Y = (3500, 200000); seed bank survival rate, s = (0.85, 0.60);
germination rate, G = (0.80, 0.10); competition parameters, α = (0.3 4.0; 0.2 3.0); and intensity
parameters, Icorn = (0.63, 0.73); Isoy = (0.73, 0.63); Iwheat = (0.15, 0.15); Irape = (0.10, 0.10)
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Figure A2: In the main text, the conservative and risky weeds were both considered as winter
weeds. Here, we consider the conservative weed to be a summer weed and the risky weed to be a winter
weed. There is no advantage to stacking here, consistent with the results in the main text considering one
summer weed and one winter weed. Species and intensity parameters (conservative, risky): seed yield, Y
= (50000, 60000); seed bank survival rate, s = (0.70, 0.20); germination rate, G = (0.20, 0.70);
competition parameters, α = (1.0 0.5; 0.1 1.0); and intensity parameters, Icorn = (0.10, 0.75); Isoy = (0.10,
0.85); Iwheat = (0.90, 0.08); Irape = (0.90, 0.12)
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Figure A3: In panels a-c, we change the intensity of rape on the conservative weed from 0.8 to
0.9, while leaving all other parameters and species life history traits constant. The changes observed in the
plot for the C-S-W-R rotation across panels a-c illustrate that results can be sensitive to changes in
intensity. a) species and intensity parameters (conservative, risky): seed yield, Y = (50000, 60000); seed
bank survival rate, s = (0.70, 0.20); germination rate, G = (0.20, 0.70); competition parameters, α = (1.0
1.5; 0.5 1.0); and intensity parameters, Icorn = (0.08, 0.12); Isoy = (0.12, 0.08); Iwheat = (0.80, 0.70); Irape =
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(0.80, 0.90). b) species and intensity parameters (conservative, risky): seed yield, Y = (50000, 60000);
seed bank survival rate, s = (0.70, 0.20); germination rate, G = (0.20, 0.70); competition parameters, α =
(1.0 1.5; 0.5 1.0); and intensity parameters, Icorn = (0.08, 0.12); Isoy = (0.12, 0.08); Iwheat = (0.80, 0.70); Irape
= (0.85, 0.90). c) species and intensity parameters (conservative, risky): seed yield, Y = (50000, 60000);
seed bank survival rate, s = (0.70, 0.20); germination rate, G = (0.20, 0.70); competition parameters, α =
(1.0 1.5; 0.5 1.0); intensity parameters, Icorn = (0.08, 0.12); Isoy = (0.12, 0.08); Iwheat = (0.80, 0.70); Irape =
(0.90, 0.90)
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