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Abstract
CARMA is an advisory system for grasshopper infestations that has been successfully used since 1996. During
CARMA’s history, grasshopper control has increasingly focused on environmentally friendly and sustainable strategies. In order to keep pace with and support emerging
strategies, CARMA’s functionality has been enhanced in
a manner which both improves maintainability and which
expands CARMA beyond its original role as a grasshopper infestation advisor into that of a grasshopper research
support tool. This paper details efforts to develop sustainable grasshopper management strategies and the role that
CARMA has played and continues to play in supporting the
development and implementation of those strategies.
Figure 1. Grasshopper Melanoplus bivittatus,
one of the most devastating grasshopper
pests in the western United States. Photo A.
Latchininsky.

1. Introduction
CARMA, short for CAse-based Rangeland grasshopper
Management Advisor, is an advisory system for grasshopper infestations that has been successfully used since 1996
[3, 7]. CARMA illustrates a technique for providing advice about the behavior of a complex biological system
by leveraging multiple, individually incomplete, knowledge
sources [6] including the application of a technique known
as model-based adaptation which combines case-based reasoning with model-based reasoning [4, 5, 9, 10].
Initially focused on rangeland grasshopper infestations
within the state of Wyoming, in 2003 CARMA was expanded to include a prototype cropland grasshopper advising module [8]. In recent years, CARMA’s advising capabilities were extended beyond Wyoming to include the states of Montana, Nebraska, North Dakota, and
South Dakota. The recent extension saw a conversion of
the graphical user interface (GUI) to Java in a manner
which illustrates a technique for integrating an artiﬁciallyintelligent LISP reasoner with a Java GUI [13].
During CARMA’s history, grasshopper control has in-

creasingly focused on environmentally friendly and sustainable strategies. For CARMA to remain a relevant and
valuable tool, ease of maintainability in keeping CARMA
consistent with the most current grasshopper management
strategies is of supreme importance. This paper details
efforts to develop sustainable grasshopper management
strategies and the role that CARMA has played and continues to play in supporting the development and implementation of those strategies.
Section 2 describes the relevance of grasshoppers as economic pests. The difﬁculties of formulating sustainable response programs are set forth in Section 3. Section 4 provides an overview of RAATS, a sustainable grasshopper response strategy. Section 5 describes the role that CARMA
has played in the development and reﬁnement of RAATs.
An overview of CARMA’s consultation process is provided
in Section 6. Section 7 details CARMA’s support of the
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development of new treatment strategies.

2. Grasshoppers as economic pests
Grasshoppers (Orthoptera: Acrididae) are important
economic pests worldwide (Fig. 1). They compete with
humans and livestock for crops and forage. Hewitt and
Onsager [11] estimated that grasshoppers annually consume 25% of available rangeland forage in 17 western
U.S. states, at an inﬂation-adjusted cost of about $1 billion per year. Traditionally, grasshopper control relies on
large-scale, blanket applications of broad-spectrum insecticides [22]. For example, during a major outbreak in the
western U.S. in 1986-88, over 8 million hectares of native
rangeland were treated with 5 million liters of non-selective
organophosphate insecticide malathion at a cost of over $75
million [20].

3. Sustainable grasshopper management program: a myth or a reality?
According to the common assumptions, economic beneﬁts from grasshopper treatments last for several years
[22, 27], although some entomologists disagree [2]. A detailed study of 30 years of grasshopper treatments in Montana and Wyoming revealed that the probability, duration
and stability of grasshopper outbreaks were consistently
higher in Wyoming than in adjacent Montana counties [15].
The authors attributed these differences to more intensive
insecticidal efforts in Wyoming, which appeared to result
in the suppression of the beneﬁcial natural enemies causing a phenomenon known as rapid pest resurgence [23]. In
other words, instead of a consistent control of grasshoppers over the years, frequent insecticidal treatment actually
created conditions for perpetuating the pest outbreaks [15].
Furthermore, having analyzed almost 50 years of grasshopper survey data for Wyoming, Zimmerman et al. [33] concluded that the beneﬁts of grasshopper control should not
be extended beyond the year of treatment.
These conﬂicting points of view do not allow unequivocally answering the question: Can we make grasshopper
control sustainable? According to Lockwood et al. [19],
to be sustainable a pest management system must be environmentally rational (e.g., it cannot erode the ecological
processes that allow the commodity of concern to be produced), culturally viable (e.g., it cannot require practices
that would offend the sensibilities of the people), politically
tenable (e.g., it cannot be legally or socially prohibited), and
economically proﬁtable (e.g., it can not cost more than the
perceived beneﬁts, however these may be interpreted). The
time over which one assesses the value of acridid pest man-

agement is key to whether the program is perceived as being
sustainable [19].
Grasshoppers (and even more so, their behavioral alter
egos, the locusts) present serious challenges to the sustainability of their control programs. The most fundamental
of them is the erratic, boom-or-bust nature of the pest when
outbreaks have varying duration and occur at irregular intervals. Because of that, some specialists consider it economically unjustiﬁable to maintain acridid control infrastructure
and conduct pest monitoring during multi-year recessions in
between the outbreaks [30]. Such an approach results in a
“reactive” or “curative” strategy when control is applied to
large-scale, outbreak populations. However, the effectiveness of this approach is questioned by other specialists due
to its very high costs and inability to achieve its main goal
of ensuring crop protection [24, 26]. The alternative is a
preventive strategy which relies on efﬁcient pest monitoring
and relatively small-scale treatments of incipient outbreaks
or hot spots [25, 32]. According to Lockwood et al. [19],
the development of a sustainable grasshopper management
system requires the introduction of preventive strategies. Is
this task feasible and affordable?

4. Economically and environmentally sound
grasshopper control strategies: the ﬁrst
step to outbreak prevention
In an effort to reduce the costs and negative environmental impact of the grasshopper control programs while
maintaining their efﬁcacy, Lockwood and Schell [17] developed the Reduced Agent and Area Treatments (RAATs)
in which the rate of insecticide is reduced from traditional
levels and untreated swaths (refuges) are alternated with
treated swaths. The strategy proved efﬁcacious under operational ﬁeld conditions [18], resulting in better economic
returns compared to traditional, blanket applications of insecticide at high rates [14]. RAATs were also shown to produce a lower insecticide pressure on the treated rangeland
and reduced impact on non-target arthropods [28, 29] and
birds [21]. As a result, RAATs were adopted by the USDA
(United States Department of Agriculture) and included in
the most recent Environmental Impact Statement [31]. During the decade from the method’s inception, RAATs were
applied to over 10 million acres of grasshopper and Mormon cricket infested rangelands in 12 U.S. states. In 2003,
over 400,000 acres were protected from grasshopper infestation in eastern Wyoming using RAATs strategy, which
saved about half a million dollars to local ranchers and
farmers.
RAATs are a true Integrated Pest Management (IPM)
grasshopper control strategy because it works through
chemical control (grasshoppers are killed in the treated
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Figure 2. CARMA’s treatment settings (after adding a new option).
swaths and when they move into them from the untreated swaths) and conservation biological control (beneﬁcial predators and parasitoids preserved in the untreated
swaths act as biological control agents) [14, 17, 18]. RAATs
represent a signiﬁcant step towards the ultimate goal of
grasshopper outbreak prevention by mobilizing existing
natural resources which keep grasshopper pest populations
under control. Hence RAATs are a valuable tool in our efforts to make grasshopper control sustainable.

5. Role of CARMA software in RAATs development and reﬁnement
While the environmental beneﬁts of using less insecticide applied to a fraction of the infested area, although obvious, are difﬁcult to quantify, it is the economics of RAATs
which represent the most important factor of their rapid
adoption. A serious challenge in developing RAATs consisted in optimization of the economic returns, i.e. balancing the reduction in cost (via lowering rates and coverages)
with the decreasing efﬁcacy. RAATs typically result in 10
to 15% lower efﬁcacy compared to conventional treatments
[17]. However, this reduction in efﬁcacy may be justiﬁable
by the signiﬁcantly lower treatment costs.
CARMA, which is detailed in the following sections,
includes an economic model and the necessary accompanying functionality which is sufﬁciently ﬂexible to “play”

different scenarios depending on the inputs (different dose
rates of insecticides applied to different proportions of the
infested areas) and required level of forage savings [6].
These qualities of CARMA’s economic model made it instrumental in the initial developing of RAATs [17] and in
subsequent reﬁnements of the method [14, 18]. Of particular importance was the inclusion of the canola oil adjuvant
into CARMA’s treatment table (Fig. 2). Canola oil acts
as grasshopper attractant and becomes an efﬁcient “liquid
bait” allowing a decrease in the rate of the chemical insecticide without compromising the treatment efﬁcacy [16, 28].
Using CARMA, the end-user would exclude unproﬁtable
treatments, such as blanket applications of high insecticidal rates [5]. As such, CARMA’s advice results in choosing
more economically and environmentally viable grasshopper
control strategies and, consequently, in a more sustainable,
preventive pest management.
Although the primary driving force for CARMA’s creation was the economic motivation, the software addresses
well the other criteria for sustainable grasshopper management underlined in Lockwood et al. [19]. It promotes culturally viable practices in a sense that the treatment options
it advocates (particularly RAATs) are fully compatible with
current strategies of grasshopper control. Furthermore, the
inclusion of RAATs as a preferred option in the USDA Environmental Impact Statement [31] makes CARMA’s recommendations politically tenable.
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Figure 3. CARMA’s add treatment window.

6. CARMA: Decision Support Tool
CARMA is a decision support tool whose original design purpose was to analyze rangeland grasshopper infestations based on information provided by the user (e.g., ranchers, land managers, pest control specialists) during an advising consultation in order to present a narrowed list of
the most cost-effective responses. Ascertaining the most
cost-effective responses requires, ﬁrst and foremost, forecasting grasshopper forage consumption. Generating such
a forecast requires predicting rangeland ecosystem behavior. The complexity of the domain precludes precise modeling and simulation, thus CARMA’s goal is to closely model
grasshopper pest management experts who employ a reasoning technique which is precise, efﬁcient, explainable,
and robust in the face of data inaccuracies. In estimating forage consumption, experts seem to use a technique
termed case-based reasoning (CBR) [1, 12] in the artiﬁcial
intelligence world by comparing new cases (i.e., new situations) to prototypical cases (i.e., previously experienced
situations), and then adjusting the consumption seen in the
prototypical cases to account for any differences using an
understanding of the underlying domain model (through a

technique known as model-based adaptation). As an example of model-based adaptation, if the population density of
emerging grasshoppers in a hot, dry spring is high (rather
than moderate as seen in a past case), an expert might predict high forage consumption (rather than moderately high
as seen in the past case) because a higher density typically
means more consumption in the absence of other factors.
The main steps accomplished by CARMA during a consultation are:
1. Estimate the forage consumption by grasshoppers:
(a) Compile raw observables (e.g., date, location,
and grasshopper density and species) entered by
the user at a series of GUI input screens into
a new case. In order to accommodate a variety of users with varying abilities to provide
reliable observations (e.g., speciﬁcally identifying grasshopper species), CARMA uses multiple levels of rules for inferring each case feature,
ordered by a qualitative estimate of each rule’s
accuracy or reliability. The rules are applied in
succession until either the user provides the necessary information or a default rule is reached.
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Figure 4. CARMA’s forage loss estimation window.
CARMA’s goal through this approach is to ultimately provide useful advice regardless of the
level of user.
(b) Retrieve the closest matching prototypical case
from CARMA’s case library using standard casebased reasoning techniques.
(c) Account for differences between the retrieved
case and the current case by using model-based
adaptation to adapt the forage consumption estimate in the prototypical case to provide an estimate for the current situation.
2. If grasshopper forage consumption will interfere with
livestock forage needs, determine the set of acceptable treatments by excluding those treatments which
are not applicable, e.g., Dimilin should be excluded if
grasshoppers are no longer molting (Fig 3).
3. Perform a cost/beneﬁt analysis using an economic
model in order to select the most cost effective reponse(s) from the set of acceptable treatments.
For in-depth coverage of the rangeland grasshopper infestation advising task and the implementation of the consultation process within CARMA, refer to Hastings et al.
[7].

7

CARMA’s support of new strategies

When analyzing treatment options, CARMA’s original
design included only a ﬁxed set of treatment options that

mirrored the traditional treatment strategies of the time. After several years of CARMA’s existence, particularly during
research on RAATs, it became apparent that CARMA could
play a larger role in grasshopper management research by
supporting the development of new strategies particularly
through the addition of functionality which would allow a
user to add new treatment formulations and apply them to
hypothetical infestation scenarios.
CARMA supports the formulation of new strategies such
as RAATs in a couple of ways. First, as detailed in Section
7.1, CARMA allows the user to add new treatment strategies to CARMA using a treatment settings window. Second, as described in Section 7.2, CARMA allows the user
to modify consultations and rerun them in order to see the
economic utility of potential treatment strategies.

7.1

CARMA treatment settings

To support the periodic and timely update of treatment
settings within CARMA through the inclusion of new treatment strategies (e.g., RAATs) or through the update of existing strategies (e.g., insecticidal pricing), CARMA includes a treatment-settings window, shown in Figure 2. This
window displays the set of treatment options that are considered by CARMA during a consultation, and allows the
user to edit existing options or to create new options. This
window is shown either during a consultation or outside of a
consultation through the main menu. The treatment-settings
window is automatically displayed during a consultation to
ensure that CARMA provides a cost/beneﬁt analysis for the
various treatment options using the most current costs:
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Figure 5. CARMA’s treatment recommendation window.
• the cost of the chemical or biological agent which targets the grasshoppers,
• the cost of the carrier through which the agent will be
distributed, and
• the cost of the applicator to apply the treatment.
The treatment-settings window can also be accessed outside of a consultation. This method of access is most typical
of users wishing to add new treatment options or otherwise
make wholesale changes to the treatment settings.
Figure 3 shows the window for adding a new treatment
option and in this example is ﬁlled with the values for a
hypothetical new treatment option. The window for editing existing treatment options is similar to the treatmentadd window. In addition to the cost variables, the user can
also set the following items:
• treatment name,
• agent name,
• rate of agent,
• carrier name,

• carrier rate,
• coverage percentage,
• expected efﬁcacy (low-high), and
• conditions which would exclude consideration of the
treatment option.
The last column of the treatment-settings window (see
Figure 2) shows the cost per protected acre for each treatment option. Although determining the cost of an acre protected is relatively straightforward, this calculation has been
a common source of errors, particularly when users attempt
to compute the costs of RAATs, which involve applying an
agent to only a fraction of the infested area. CARMA thus
automatically calculates the cost of an acre protected for
each treatment option from the editable treatment ﬁelds.
Figure 2 shows the available treatment options after the
hypothetical treatment from Figure 3 was added. The hypothetical treatment appears in the last row. Through a separate menu, CARMA allows the complete set of treatment
settings to be saved by name for future use. To facilitate
gaming, CARMA allows treatment settings to be recalled
and applied to a consultation.
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Figure 6. CARMA’s consultation modiﬁcation window.
The treatment-settings window supports both maintainability and gaming of treatment options.

fective given a hypothetical infestation level and replacement forage cost.

7.1.1

7.2

Maintainability

The treatment-settings window permits new options (e.g.,
RAATs formulations or entirely new agents) to be added
to CARMA as they are created, a necessary and valuable
feature in light of rapid recent advancements in sustainable
grasshopper management techniques.
7.1.2

Gaming

Easy manipulation of treatment parameters supports “gaming” to explore which combination of insecticidal agent,
rate, carrier and coverage produces the greatest return on investment (and normally the lowest environmental impact).
For example, such gaming can permit researchers to adjust
the agent rate to a level which is economical as well as ef-

CARMA consultation modiﬁcation

As previously mentioned, CARMA’s main purpose is
to analyze a grasshopper infestation based on information
provided by the user. CARMA estimates the percentage
of forage that will be consumed by grasshoppers and produces an analysis such as the sample shown in Figure 4.
In this example, CARMA estimates that a moderately high
amount of forage (40-60% of the available forage) will be
consumed by grasshoppers. If the forage lost to grasshoppers will cut into the forage needed for livestock, CARMA
conducts a cost/beneﬁt analysis for the available treatment
options and provides its analysis similar to that shown in
Figure 5. In this situation, CARMA determines that the
most cost-effective option is to not treat, and that even if a
minimal amount of competition for forage occurs, it would
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Figure 7. CARMA’s forage loss estimation window after modiﬁcation.
be cheaper to purchase replacement forage.
7.2.1

Gaming

To support gaming with infestation scenarios, CARMA provides the consultation modiﬁcation window shown in Figure 6. By clicking on a radio button, the user may change
the value of an observed infestation ﬁeld. After making
changes to one or more of the ﬁelds, the user may then rerun the consultation to see the effect of the changes. Such
gaming serves an educational role for users simply wishing
to see the effect of the various parameters, but more importantly for the purposes of this discussion, also allows a
researcher to determine the types of infestations for which
the various treatment options are pertinent.
The ﬁelds and values shown in Figure 6 are the result of
running through the consultation that produced the analyses shown in Figures 4 and 5 with the per square yard density of grasshoppers bumped up from 24 to 34. The result
of rerunning the consultation with the higher grasshopper
numbers is shown in Figures 7 and 8. Notice that with the
higher grasshopper densities, CARMA estimates that a high
amount of forage (60-100% of the available forage) will be
consumed by grasshoppers. The resulting analysis shows
that treatment could become cost effective as grasshopper
consumption moves toward 100% and that if consumption
is high, the new hypothetical treatment added in Figure 3
is the preferred option. Note that the economic savings estimates for the 60% consumption level for Figures 5 and 8
do not align (e.g., $-2.91 for Dimilin in the ﬁrst scenario
and $-2.97 in the second scenario) because the cost/beneﬁt

analysis is based on the amount of forage that can actually be saved by treatment which is usually applied several
days after the infestation is observed and which will allow
grasshoppers to consume forage for an additional time.

8

Availability and status

The most recent version of CARMA, 5.048, with rangeland grasshopper advising capabilities for Montana, Nebraska, North Dakota, South Dakota and Wyoming is available free of charge for noncommercial purposes and can be
downloaded and installed from http://carma.unk.edu or run
as a Java Webstart application.
CARMA is currently being extended to handle infestations in Colorado, New Mexico, and Oregon, in addition to
the ﬁve states covered in version 5.048.
Since its inception in 1996, CARMA has been presented
to pest managers in all 17 western states in which grasshoppers present economic problems. The usability assessment
survey for this program is being developed.

9

Conclusion

CARMA is an advisory system for grasshopper infestations that has been successfully used since 1996. During
CARMA’s history, grasshopper control has increasingly focused on environmentally friendly and sustainable strategies. In order to keep pace with and support emerging
strategies, CARMA’s functionality has been enhanced in a
manner which both improves maintainability and which ex-
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Figure 8. CARMA’s treatment recommendation window after modiﬁcation.
pands CARMA beyond its original role as a grasshopper infestation advisor into that of a grasshopper research support
tool capable of allowing researchers to “game” with the economics of potential new treatment strategies. As a research
support tool, CARMA was instrumental in the initial development of one particular sustainable management strategy,
RAATs, and in subsequent reﬁnements of the method.
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