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Abstract
Weeds are a major challenge for organic farmers, yet we know little about the factors influencing organic farmers’ weed
management decisions.We hypothesized that farmers and scientist ‘experts’ differ in fundamental areas of knowledge and
perceptions regarding weeds and weed management. Moreover, these differences prevent effective communication,
outreach programming and research prioritization. An expert mental model, constructed primarily from interviews with
research scientists and extension professionals, revealed expert emphasis on knowledge of ecological weed management as
crucial for successfully implementing such strategies. We interviewed 23 organic farmers in northern New England,
yielding an aggregate farmer mental model to compare with the expert model. Farmers demonstrated knowledge of the
major concepts discussed by experts, but differed in emphasis. Farmers placed less emphasis on ecological complexity than
experts.One-third of farmers interviewed discussed the potential role ofweeds as indicators of soil nutrient status, a concept
of which experts were skeptical. Farmer beliefs about the weed seedbank highlighted potential misconceptions regarding
seed persistence, with one-fourth of farmers focusing on the concept that seeds can live for an exceptionally long time in the
soil, while experts focused on the concept of the seed half-life. Farmers emphasized the role of experience, both their own
and that of other farmers, rather than knowledge derived from scientific research. Farmers considered yield and the cost of
time and labor as equally at risk because of weeds, whereas experts predominantly discussed yield loss. During discussions
of management, both farmers and experts most emphasized risks associated with cultivation and benefits associated with
cover cropping. These results have prompted us, first, to develop new educationalmaterials focused onweed seed longevity
andmanagement of the weed seedbank, and, second, to conduct regional focus groups with farmers who prioritize fertility
management in their efforts to control weeds, especially manipulations of soil calcium and magnesium.
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Introduction

Weed management is a major challenge for organic and
transitioning farmers1. Such farmers typically rely on
short-term, high-cost control tactics such as hand weed-
ing and cultivation2,3 which, respectively, are costly and
of variable efficacy. Increased weed density generally
occurs in both organic and transitioning systems4,5. To
improve this situation, scientists have placed considerable
effort on researching ecological weed management
(EWM) strategies, but they know little about how organic
farmers’ perceptions and knowledge of such strategies
inform implementation.

Incorporating the human dimension of agricultural
management into biological research provides a valuable
perspective on implementation of these practices, particu-
larly given there is as much diversity in the human
dimension of management as in the biophysical resources
that farmersmanage6. Three recent studies provide insight
into organic farmer weed management practices and
beliefs in the Midwestern USA and the UK3,7,8. In terms
of practice, in both the USA and the UK at least
three-fourths of organic farmers discussed mechanical
weeding, most often cultivation. EWM strategies such as
seeding rate and variety choice were mentioned less often,
roughly by one-third of farmers3,8.
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In terms of the beliefs that may be informing attitudes
toward practices, organic farmers in Ohio were less
likely to mention biological concepts such as seed dor-
mancy than their conventional counterparts7, yet such
knowledge is likely a critical component of successfully
implementing EWM strategies9. However, there are many
ways to construct knowledge, and organic farmers rely
on experiential learning, trial and error, and problem
solving to develop and reinforce their knowledge,
which may or may not conform to ‘best practices’10,11.
Farmer knowledge has also been described as unspoken
knowledge-in-practice, in contrast to formal, explicit
knowledge12. For example, UK farmers associated
success in weed management with informal on-farm trials
of strategies, and ascribed failures to either inexperience
or lack of time and money8. Overall, adoption of EWM
strategies lags behind the widespread use of cultivation.
We aimed to learn how farmer knowledge and perception
of management tradeoffs influences their decision to
implement a given strategy on their farm.
In this study, we constructed ‘mental models’ of New

England organic farmers to summarize their knowledge,
beliefs and perceptions of weeds and weed manage-
ment13. A mental model can be described as a complex
network of beliefs that affects how a person defines a
problem, assesses risks and benefits, gathers and processes
information, and makes decisions14. The mental models
approach is designed to tell us how and what organic
farmers think about weeds and weed management, and
particularly how this compares to the scientists and
extension professionals working to support them7. This
approach has already been used to study perceptions
and beliefs of conventional and organic farmers in Ohio
regarding weed management, with a focus on herbicide
resistance as the hazard7,14,15, as well as with other
agricultural hazards, such as microbial contamination on
produce16.
Our study compared farmer mental models to a

baseline expert model of critical organic weed manage-
ment knowledge9. We assessed (1) knowledge and beliefs
regarding EWM strategies; and perceptions regarding
(2) the risks and benefits of weeds; and (3) the risks
and benefits of organic weed management strategies.
Differences between the farmer and expert models in
each of these areas will highlight areas of opportunity for
improving extension-based communication and design
of scientific research for the benefit of organic farmers.
Focusing on the most salient beliefs, as well as potential
inaccurate beliefs, in communication efforts can be the
best route to knowledge-based behavioral change17.

Methods

Expert model development

Development of the expert model is described briefly
below; details regarding this process and outcome are

described in full by Zwickle9. Sixteen ‘experts’ (eight PhD-
level scientists, four extension specialists chosen because
of involvement with farmer education, and four experi-
enced organic farmers) were interviewed by phone or as
part of a focus group in the winter of 2010. The farmers
were identified by extension personnel as farmers particu-
larly experienced with weed management, and they
participated in focus groups to strengthen the expert
model as a whole. This group represented three regions in
theUSA (theNortheast,Midwest andCalifornia) and one
scientist from the Netherlands. Interviews began with
open-ended questions about weeds, weed management
and organic farmers. Once the expert exhausted his or her
knowledge in response to an open-ended question, the
interviewer used prompts to elicit more specific thoughts.
Finally, the interview concluded with pointed questions
ranging from beliefs about weeds to farmer experiences,
risk perceptions and values.
The results of the expert interviews were organized into

a conceptual model of the weed management decision-
making process (Fig. 1). Thismodel synthesized the expert
view with decision science theories that recognize the
tandem roles of experiential and deliberative processing in
decision making18–20. First, experts believed that farm
attributes, such as scale, and farmer attributes, such as
knowledge, informed a farmer’s perceptions of weeds
and weed management. These beliefs are consistent with
research that identifies how intuitive judgments of risk
associated with a hazard (in this case weeds) vary by
a range of individual characteristics21. In turn, these
perceptions influenced the acceptability of management
strategies, categorized here as either critical weed-free
period (i.e., short-term, cultivation-based) or seedbank
(i.e., longer-term, multi-tactic) strategies, consistent with
research that identifies perceived risks and benefits as
predictive of the acceptability of new technologies to
users22,23.

Farmer interviews

The concepts highlighted in the expert model were used
to develop the farmer interview protocol available online
(see Supplemental Table 1). Farmers were contacted by
email based on recommendations from Maine Organic
Farmers and Gardeners Association and Northeast
Organic Farming Association. Participating farmers
included those who responded affirmatively to the initial
email solicitation and several who learned about the
project in newsletter postings. Farmers from Maine
(n=12), New Hampshire (n=5) and Vermont (n=6)
were interviewed in fall 2010 by the same interviewer,
using a consistent protocol.
We used a semi-structured open-ended interview

strategy such that all farmers received the same initial
prompts, but farmers were asked to clarify or provide
more information about the concepts important to them.
Interviews were conducted to uncover farmer knowledge,
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perceptions and experiences in a way that minimized the
influence of the interviewer and provided farmers freedom
of expression. At the same time, responses to questions
were prompted in a focused way. For example, an
interviewee may have responded to the open-ended
question ‘What is a weed?’ with a narrative of undirected
information. Further into the interview, however, the
interviewer directed these responses to major areas
identified by the expert model, for example ‘what are the
benefits of weeds?’A set of standard response phrases was
prepared in advance to clarify answers without question-
ing their legitimacy, such as ‘How did you come to that
conclusion?’
The farmer interview protocol also included an exercise

that required farmers to rank by ordering index cards with
text that described various sources of information specific
to the organic weed management decision-making pro-
cess. The 16 options (Table 1) included sources of
analytical information (e.g., latest science and research),
experientially based information (e.g., what worked in the
past) and value-based information (e.g., soil health).
Farmers were asked to work quickly and rank them from
most to least important in their decision-making process.
This exercise was included to cross-validate the interview
data and verify the importance of different types of
information during the weed management decision-
making process.

Interview coding

The interviews were independently transcribed and en-
tered into the qualitative software programMAXQDA24.
Coding has been defined as ‘the analytic process through
which concepts are identified’25, through which labels are
assigned to segments of the interviews, identifying what
that segment was about. Each interview was coded
separately according to the schematic developed from
the expert model. If a farmer mentioned a concept not
found in the expert coding schematic, it was added and
marked as a uniquely farmer response. After the coding
schematic was developed, it was tested for inter-coder
reliability to examine its potential to produce repeatable
results and to judge the intuitive logic of the model.
Mental models studies expect coders to agree at least
two-thirds13. Six farmer interviews were coded by an
independent researcher, and inter-coder reliability tests re-
vealed between 90 and 96% agreement in each interview.
Coding the frequency of response is important in

mental models13. The more often a farmer mentioned a
concept, the greater the importance in their decision-
making process. If a farmer took time to explain a concept
more fully, it was coded as only one mention, but the
details of his or her responses within that concept were
coded in detail. If a farmer mentioned the same concept
later on, it was coded again. Coding hierarchically to

Figure 1. Conceptual model representing the expert view of the organic weed management decision-making process.

321Mental models of organic weed management

https://doi.org/10.1017/S1742170513000185 Published online by Cambridge University Press

https://doi.org/10.1017/S1742170513000185


increasing level of detail provides a way to more
accurately compare between groups (farmer to expert)
and within groups (amongst farmers)25–27. For example,
both experts and farmers agreed that agricultural causes
of weed introduction are most important (86 and 69%
weed introduction codes, respectively). However, at the
next level of detail we observed that experts thought
manure was the most important agricultural source of
weeds (35% agricultural weed introduction codes) in
contrast to farmers, who placed near equal emphasis on
management behavior and manure (22 and 21% agri-
cultural weed introduction codes, respectively).

Coding for knowledge

The expert model established long-term, ecologically
based methods as crucial for reducing the risks associated
with weeds on organic farms. Rather than asking a farmer
directly about the general aspects of EWM, responses
were coded when one of the principles was inherent in a
farmer response to measure ‘knowledge.’ For example,
Farmer 9 discussed the importance of rotating row crops
with forage crops to utilize grazing as a way to reduce
weed seed density. This discussion was coded in the
knowledge area ‘Managing Weed Seedbank,’ in the
particular concept ‘Interrupting Weed Cycles Through
Strategic Rotation.’ Specifically, Farmer 9 said:

“With forage—with the cows grazing it, they’re eating up the
seeds before they even become viable. If I can mix a forage
rotation in there I can really reduce the amount of weed seeds
for the next year.”

Coding for management strategies

Management strategies were grouped according to
whether they primarily allowed for a critical weed-free
crop period (generally mechanical strategies targeting

seedlings) or managed the seedbank28. The following
strategies were grouped as critical weed-free period
strategies: cultivation and tillage, hand weeding, organic
herbicides, flaming, mowing and grazing. Seedbank
management strategies included crop rotation, cover
crops, mulch, nutrient management and seeding rates.
For each strategy, codes were placed in the categories of
location, timing, implementation and type, as appropri-
ate, to capture detailed information of the specific context
in which these strategies were discussed.

Data analysis

Results are reported as the percentage of codes within
a category to compare the relative emphasis between
farmers and experts. For instance, science and research
comprised 58% of learning codes in the expert model in
contrast to 9% of learning codes in the farmer model.
To test for significant differences between farmer and
expert emphasis, we calculated the difference between
proportion of farmer mentions and proportion of expert
mentions of a given concept. We used the Wilcoxon
Signed Rank test to determine if the difference between
farmers and experts significantly differed from zero.
P-values <0.05 indicate divergence in emphasis between
farmers and experts. For the farmer model, the number of
farmers discussing a given concept (out of 23 total) is also
reported. Finally, quotes are included to provide examples
and context. Farmers are cited with their identification
number with F19 indicating Farmer 19, for example.

Results and Discussion

This northeast New England farmer model was based on
interviews with farmers who identified their major crops
as either vegetables (n=19) or field crops (n=4). All field
crop farmers interviewed were also dairy farmers. Gross
farm income varied widely between these farms: 30% of
farms (n=7) had a gross income of less than US$100,000;
35% of farms (n=8) had income in the US$100,000–
250,000 range; 17% of farms (n=4) had income in the
US$250,000–499,000 range; and 17% of farms (n=4,
2 dairy and 2 vegetable farms) had gross income greater
thanUS$500,000. One farmer was new to organic farming
(0–4 years of experience). Six farmers (26%) had 5–9 years
of experience, eight farmers (35%) 10–14 years, and eight
farmers (35%) more than 15 years.
The results that follow compare the farmer and expert

models, with a focus on the role of (1) knowledge,
(2) perceptions of weeds, and (3) perceptions of weed
management strategies. We discuss particular farm
attributes as they relate to perceptions, for example the
importance of resources. We acknowledge the importance
of farmer traits and values in decision making9; however,
we will not focus on these topics here. In the final results

Table 1. Importance of 16 factors for weed management
decisions, as ranked by farmers.

Factor Overall rank

Type and timing of weed 1
What worked in the past 2
Time and labor 3
Crop yield 4
Immediate weed control 5
Soil health and structure 6
Environmental and ecological health 7
Respected farmer’s advice 8
What farmers with similar soils or crops do 9
Family and worker health 10
Cash flow 11
Extension recommendations 12
Latest research and science 13
Markets and consumer demand 14
National Organic Program standards 15
Public perception 16
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section (Ranking exercise), we report results of the farmer
ranking exercise.

Knowledge, learning and experience

Experts addressed knowledge of EWM according to six
main topics (Fig. 2A). Farmers exhibited knowledge of
each topic, although overall emphasis varied in compari-
son to experts (Fig. 2A). We report details of farmer and
expert models below for each knowledge topic, followed
by discussion of farmer seedbank beliefs and on-farm
weeds. Finally, we address learning and the role of
experience.
Ecological complexity. Experts placed more emphasis

on ecological complexity than farmers (P<0.001,
Fig. 2A). Experts repeatedly stated that organic farmers
must be comfortable with and motivated by the com-
plexity of organic systems in contrast to conventionally
managed systems. Farmers did not dwell on complexity

and were just as likely to identify conflict between their
organic farming practices and ecological complexity, e.g.,
‘what’s best for the ecosystem is if we just leave it the hell
alone’ (F10). Experts’ discussion included connections
between management and ecology (64% of ecological
complexity codes)—specifically between marketing, labor
and crop sequences; between suites of organisms; and
the complex, undetermined cause and effect relationships
regarding EWM. Experts believed that farmers want
proof of a relationship between a given tactic and the
success of weed management, but delayed results often
make this difficult. Farmers also discussed connections
between management and ecology, but focused on their
dependency on weather or climate to achieve successful
management (32% of farmer ecological complexity
codes), a concept rarely mentioned by experts (3% of
expert ecological complexity codes).
Systems thinking. Farmers and experts placed similar

emphasis on systems thinking (Fig. 2A), with a focus on

Figure 2. Relative emphasis on EWM knowledge concepts (A) and learning sources (B), according to frequency of codes in expert
and farmer interviews. The number of farmers, out of 23 total, that discussed each concept is listed above the farmer bars. Bars
labeled with *, ** or *** denote significant differences between expert and farmer emphasis at levels of P<0.05, 0.01 or 0.001,
respectively.
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the concept of diversifying. Experts discussed the role of
crop diversity and crop rotations in EWM. An effective
crop rotation for weed management included rotating
cash crops with cover crops, and the timing of disturb-
ances, not merely the crop sequence. Experts acknowl-
edged the importance of crop rotation not only to
maximize weed control, but also to contribute to the
farm’s fertility needs. Farmers’ discussion of diversity
(nine farmers) differed subtly from experts. In addition
to specific details regarding their rotations, farmers
described diversity of disturbances in their rotations,
including tillage, fallows, mowing hay fields and grazing
pasture. Farmers stated they use many strategies
within the year, specifically citing the ‘many little
hammers’ theory29 or describing management practices
as ‘. . .the tools in our toolbox. . .the weapons in my
weapon chest’ (F4).
Managing the weed seedbank. Farmers placed more

emphasis on managing the weed seedbank than experts
(P=0.033, Fig. 2A). Within this topic, experts and
farmers both discussed the concept of interrupting weed
cycles through rotation. Experts discussed stressing weeds
at different points in their life cycle throughout the
rotation and using strategically timed disturbances. They
equally emphasized the importance of using appropriate
tillage tactics, including minimizing use of tillage, and
changing planting times. Farmers agreed that weed life
cycles can be interrupted through crop rotation, and also
emphasized using appropriate tillage tactics within a
rotation (seven farmers). In contrast to experts, farmers
placed more emphasis on pre-empting seed rain (nine
farmers) than on changing planting times within a
rotation (one farmer).
Relationships between weeds and soil. Farmers and

experts placed similar emphasis on knowledge related to
weed/soil relationships (Fig. 2A). Both groups discussed
the concept that agricultural soils, due to high fertility,
in particular nitrogen, invite weeds (nine farmers, 26%
of farmer weed/soil codes and 24% of expert weed/soil
codes). Farmers (12 farmers, 37% of weed/soil codes) and
experts (8% of weed/soil codes) also discussed the
relationship between weeds and soil structure, focused
on the influence of compaction, drainage and soil texture.
Farmers and experts showed divergence in their
discussion of the relationship between weeds and soil
nutrients. Experts expressed uncertainty regarding the
relationship between weeds and nutrients other than
nitrogen, specifically mentioning calcium, magnesium,
and potassium30 in their lengthy discussions on this topic
(69% of expert weed/soil codes). One-third of farmers
discussed associations between weeds and soil nutrients
(19% of farmer weed/soil codes), ranging from general
to explicit relationships between weed germination or
presence and excess or deficient nutrients. Farmers
uniquely discussed weeds as a way to ‘heal’ the soil
(six farmers, 10% of farmer weed/soil codes) and weeds as
‘indicators’ (six farmers, 8% of farmer weed/soil codes)

of problems with cultivation, nutrient levels and soil
conditions such as compaction (Table 2). Farmers and
experts diverged with beliefs of weeds as indicators for soil
nutrients. Farmers discussed this concept in the same
breath and with the same confidence and finality as the
relationship between weeds and compaction or soil
moisture, whereas experts were careful to distinguish
between these concepts and weeds and nutrient balance.
Experts varied in how dismissive they were of such claims
(Table 2).
Long-term strategy. Experts and farmers both agreed

on the importance of long-term strategy (Fig. 2A),
focused on the concept of evidence-based management
(ten farmers) and the challenge of proving effectiveness of
long-term strategies. Farmers may need to wait several
years before evidence of successful EWM implementation
is apparent. In addition, seedbank management may
require a short-term loss (e.g., land in summer fallow)
to result in long-term gain (e.g., decreased seedbank).
Farmer discussion of evidence-based management in-
cludes making decisions based on weed abundance in that
year or the following year, a decision made on short-term
gains (less observed weeds) that may discount longer-term
goals such as soil health31. At the same time, farmers
discuss the potential long-term benefits of soil quality as a
result of cover cropping. This tension between long-term
gain and short-term loss is apparent in both models.
Recognizing opportunities to manage weeds. Experts

stressed the importance of a farmer’s ability to recognize
when, how and where to manage weeds. They identified
concepts that enable farmers to recognize such opportu-
nities: in particular, knowing the biology or type of the
weed, timing management appropriately and knowing
whether the weed is an annual or perennial. Farmers
placed similar emphasis on knowledge of weed biology
(nine farmers), explaining that in part their weed manage-
ment decisions are in response to the type of weed or
growth stage. They highlight the ‘white thread’ stage as an
opportunity for management, and the importance of
timing (five farmers).
Farmer seedbank beliefs. Each farmer was asked, ‘How

would you describe the term weed seedbank?’ followed by
‘How does it work on your farm?’ Most coded responses
regarding seedbank beliefs (71%) were in response to
these questions, although farmers also discussed these
beliefs throughout the interview (remaining 29% coded
responses). Nearly half of these codes (47%, 22 farmers)
were associated with a response describing the seedbank
as ‘viable seeds in the soil.’
Five farmers emphasized the maximum extent of seed

longevity, mentioning seeds that can live from 20 to
80 years in the soil (8% seedbank belief codes). Farmers
also stated that seed survival varies with soil depth
(eight farmers, 8% seedbank belief codes). These farmers
discussed the role of tillage and burial in determining
depth of seeds in the soil profile, and consequently,
whether these seeds would germinate or be susceptible to
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predation or decay. Expert discussion of seed longevity
clarified that ‘although some seeds are long-lived. . .the
majority of weed seeds do not have a long life in soil.’
In this context, experts explained that management
practices such as zero-seed rain can have a measurable
impact on weed densities over a short-time frame4.
Weeds on their farms. Farmers were asked to name or

describe the types of weeds on their farm, and identify
the most and least problematic and risky weeds (Table 3).
On average, farmers named nine species during the course
of their interview, with a range of 5 to 13 species of weeds
mentioned per farmer. Farmers most often mentioned
hairy galinsoga (Galinsoga ciliata) as the most proble-
matic and risky weed on their farms. They described hairy
galinsoga as risky due to biological traits such as the short
time before seed set and before germination. Farmers also
considered it risky based on the experience of others:
‘Other farmers say do whatever you can to keep that one
out of your fields. I will go out of my way to pull that
out. . .’ (F4). Weed species discussed differed between
vegetable and field crop farmers. Although hairy galin-
soga was mentioned by roughly three-fourths of vegetable
farmers, no field crop farmers mentioned this species. In
turn, only field crop farmers mentioned thistle (Cirsium
spp.). Common lambsquarters (Chenopodium album) was
the weed species mentioned most often overall, but this
species was most likely to be identified as the least risky
and the least problematic weed. Farmers acknowledge

that common lambsquarters produces a lot of seed, but
describe it as being easy to identify, cultivate, pull by hand
and control.
Learning and the role of experience. Experts most often

discussed science and research-related sources for weed
management knowledge, placing greater emphasis on
this learning source than farmers (Fig. 2B, P<0.001).
Farmers placed more emphasis on learning from their
own experience (Fig. 2B, P<0.001). Farmers discussed
knowledge gained from trial and error, specifically
regarding timing (ten farmers), weed life cycles (nine
farmers), crop rotation (eight farmers), equipment
(six farmers) and soil fertility (five farmers). Farmers
placed more emphasis on learning from other farmers
(P=0.014), print media (P=0.001), and farm conferences
and field days (P<0.001) than experts. Experts placed
more emphasis on learning from the internet than
farmers, although this was a small category in both
farmer and expert models (P=0.004).

Perceptions of weeds, weed introduction
and spread

Risks of weeds. Farmers were specifically asked whether
there are risks and benefits to having weeds on the farm.
Both experts and farmers mentioned the risks of weeds
more than twice as often as the benefits of weeds. Risks of
weeds were coded in four major categories: agricultural,

Table 2. Weeds as indicators of soil conditions: divergent philosophies from expert and farmer models.

Experts Farmers

Balanced soil
‘If you’ve got weeds on your farm, I know that a lot of growers

see them as a farm out of balance or something, and if you just
get the farm into balance then the weeds will disappear and I
don’t think that’s true.’ E1

‘But whether there are certain weeds indicative of a certain
balance of nutrients, and I know that’s a common thought by
some organic farmers, I’m not sure there’s really the research
base to support it, not to say that theremight not be some truth
in that but I think we don’t know enough to really support
that.’ E2

‘One of the characteristics of being an organic farmer is that you
are trying to put your soil in balance in terms of nutrients and
whether it’s Acres USA style or some other style. It certainly
makes sense to be considering the weeds in that process.’ E3

‘[Scientists are] just reductionist. Seed comes in, let it go to seed.
You build up your population and you’ve got a weed problem,
but I believe that with proper crop rotations and attention to soil
fertility you are not going to have these problems. By using really
well balanced compost and paying attention to your mineral
balances you will go a long ways to not having weeds. That’s my
belief. I haven’t mastered it yet though. If you want to know
whatmy—in a nutshell whatmy attitude towards weeds is, that’s
what it is. It seems tome that the fields that I have themost weeds
in are the ones that I have not taken care of as well as some of the
other ones. The ones that I have kind of maybe cheated a little on
my rotation, and didn’t leave it in hay crop for enough years
or. . .’ F12

Weeds as indicators
‘You can talk with some degree of confidence about which weeds

are very heavy nitrogen feeders, or what weeds do well in
wetter or drier soil conditions, but I don’t think there’s a weed
that tells you, oh, you know, I’ve got really high calcium. The
calcium-magnesium ratio was this kind of a magical thing that
farmers were talking about for a long time, and I don’t see that
has much merit actually.’ E4

‘Well it is definitely soil related. We have a couple of fields that are
completely milkweed free, and it’s not because there’s no seed
there. It’s some soil reason that the milkweed germination is
inhibited or something. I don’t really know why.’ F21

‘Sometimes weeds can give you an indication of correction that you
need in your soil. For that matter, we always know that
hempnettle is in fields where the fertility needs to be built.
Lambsquarter, when you get that, it is testimony that you’ve got
the fertility up and that becomes a bigger weed. . .Canadian
thistle you’ve got compact ground.’ F7

325Mental models of organic weed management

https://doi.org/10.1017/S1742170513000185 Published online by Cambridge University Press

https://doi.org/10.1017/S1742170513000185


economic, ecological and social. Farmers and experts
both discussed agricultural and economic risks of weeds
most often (Table 4). Both farmers and experts agreed on
the agricultural risk of competition by weeds (70 and 54%
of farmer and expert agricultural risk codes, respectively;
P=0.157; 19 farmers). Farmers discussed the rapid
growth of weeds and their ability to compete for nutrients,
moisture and sunlight, concepts included in the expert
model. Experts, and farmers to a lesser extent (P=0.018),
identified a weed’s ability to exploit niches as risky (25
and 12% of expert and farmer agricultural risk codes,
14 farmers). Economic risks closely followed agricultural
risks in importance to both farmers and experts, in
particular risks associated with production. Experts
emphasized risk of reduced yield more than farmers
(P<0.001, 71% expert versus 39% farmer production
risks, 18 farmers), whereas farmers placed more emphasis
on the risk of time and labor costs due to weeds than
experts (P=0.006; 27% farmer versus 9% expert pro-
duction risks, 15 farmers). As described by farmer 5,

“Labor is one of our biggest concerns. The margin of profit of
any of these things is so slim that if you put too much labor
into trying to weed them, then you’re not making any money
on it.”

Benefits of weeds. Farmers discussed agricultural
benefits of weeds more often than experts, who, in turn,
discussed ecological benefits of weeds more often than
farmers (Table 4). However, both groups discussed
ecological and agricultural benefits more than economic
and social benefits of weeds, which they agreed were
minimal (Table 4). Farmers and experts agreed that the
primary agricultural benefit provided by weeds is for the

soil (P=0.441; 88 and 89% of agricultural benefits,
respectively). Farmers primarily described this as weeds
‘acting like a cover crop’ (31% of codes in soils category,
18 farmers), an analogy experts used less often (8% of soils
codes in expert model). Experts focused on the concept of
weeds adding organic matter and nutrients to the soil
(28% codes), a concept also mentioned by farmers (11%
codes). Farmers and experts also discussed the contri-
bution of weeds to nutrient cycling of soils (15 and 12%
codes, respectively) and erosion prevention (19 and 20%
of codes in soils category, respectively).
Experts placed more emphasis on the ecological

benefits of weeds as habitat (P=0.035) and as biodiversity
(P<0.001) than farmers. Experts and farmers agreed on
the beneficial role weeds play as part of the agroecosystem
(P=0.115) and as food for wildlife (P=0.858). Farmers
uniquely described weeds as Mother Nature’s way of
healing the soil, for instance by colonizing disturbed
ground. The beneficial ecological role of weeds has
become a popular research topic in the European
Union, with recent studies emphasizing the role of weed
species diversity32,33 and the role of weeds in food
webs34,35.
Perceptions of weed introduction. Both farmers and

experts discussed weed introduction due to agricultural
causes most often, although experts placed relativelymore
emphasis on agricultural sources of introduction than
farmers (Table 4). Farmers placed more emphasis on
wildlife as sources of weed introduction (Table 4). Experts
placed more emphasis on manure and compost as
agricultural sources of weed introduction than farmers,
whereas farmers placed more emphasis on farmer behav-
ior (Table 5). Experts may be overemphasizing the role of
manure that generally contributes a small number of seeds

Table 3. Weeds mentioned during farmer interviews.

Weed species Common name Mentions3
Number of farmers1

Problematic2 Risky2

(vegetable, field crop) Most Least Most Least

Chenopodium album Common lambsquarters 47 (16, 3) 3 8 1 8
Amaranthus retroflexus Redroot pigweed 45 (16, 3) 2 7 1 6
Galinsoga ciliata Hairy galinsoga 42 (14, 0) 7 0 11 0
Elytrigia repens Quackgrass 33 (9, 3) 2 1 5 2
Digitaria spp. Crabgrasses 27 (11, 0) 5 0 1 0
Poaceae spp. Grasses 17 (8, 1) 4 0 4 0
Stellaria media Chickweed 17 (6, 0) 2 1 2 3
Portulaca oleracea Purslane 15 (9, 0) 1 3 1 2
Cyperus esculentus Yellow nutsedge 12 (5, 1) 1 0 0 0
Brassica spp. Mustards 11 (5, 2) 2 2 1 1
Capsella bursa-pastoris Shepherd’s purse 10 (7, 0) 1 1 0 2
Ambrosia artemisiifolia Common ragweed 9 (6, 1) 1 1 1 1
Asclepias syriaca Common milkweed 8 (1, 1) 1 0 0 0
Arctium minus Common burdock 6 (1, 2) 0 0 0 0
Cirsium spp. Thistle 6 (0, 2) 0 1 1 1

1 Number of farmers in each farm type (from a total of 19 vegetable and four field crop farmers) that mentioned a given weed.
2 Number of farmers that identified a weed as most or least problematic or risky.
3 Total number of mentions summed over all farmer interviews.
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relative to the existing seedbank36. Unique introduction
of pernicious species is, however, a legitimate concern.
Farmer discussion of behavior included the role of
previous cropping systems, such that weeds were brought
in historically or already on the farm (six farmers).
Farmers and experts placed similar emphasis on natural
and social occurrences as sources of weed introduction
(Table 4).
Perceptions of weed spread. Farmers and experts agreed

on agricultural causes as the dominant source of weed
spread (Table 4), specifically farmer behavior as the most
important factor (Table 5). Expert discussion of farmer
behavior focused almost entirely on allowing weeds to set
seed. Farmers discussed allowing weeds to set seed (seven
farmers) as well as seeds spread by foot travel (seven
farmers). Farmers placed more emphasis on mechanical
causes of weed spread than experts (Table 5), primarily
discussing movement with equipment. Experts placed
more emphasis on biological causes of weed spread than
farmers, but overall discussed this concept much less often
than agricultural causes (Table 4). The farmers inter-
viewed were very management centered, and they took a
great deal of responsibility for weed introduction and
spread, more so than conventional farmers interviewed in
the Midwest14 who placed more emphasis on factors such
as flooding that were out of their control.

Weed management perceptions

We first discuss practices associated with critical weed-free
management (e.g., cultivation and tillage, hand weeding
and flaming), followed by seedbank management (e.g.,
cover cropping and green manures, crop rotation and
mulches). We view these approaches to weedmanagement
as reflective of seedling-focused, short-term, reactionary
practices, in contrast to longer-term, more system-level
practices. We recognize that individual farmers may be
successful by emphasizing either philosophy, and that
most employ a combination of management practices that
are seedling- as well as system-focused.
Risks and benefits were categorized as agricultural,

economic, ecological or social (Table 6). Farmers and
experts both placed more emphasis on benefits of seed-
bank management practices than on benefits of critical
weed-free management practices (P=0.463), mentioning
benefits of seedbank management practices 1.6–1.8 times
more often. The most discussed type of seedbank
management benefits, agricultural, were equally empha-
sized by farmers and experts (P=0.224). Farmers placed
more emphasis on agricultural benefits of critical weed-
free management than experts (Table 6, P=0.005).
Experts uniquely discussed ecological benefits to critical
weed-free strategies, although this was less important than
agricultural and economic benefits.
Farmer discussion of risks was more focused on critical

weed-free practices than expert discussion (P=0.032).
Farmers discussed risks of critical weed-free practices
4 times as often as risks of seedbank management
practices, in contrast to expert discussion 2.3 times as
often. However, the relative emphasis on types of risk was
similar between farmers and experts (Table 6, P>0.1 for
all categories). Farmers and experts most often discussed
agricultural risks, followed by economic risks.

Table 4. Perceptions of weeds according to experts and farmers.
Percentages reported reflect the relative emphasis based on
frequency of codes from interviews.

Expert
(%)

Farmer
(%)

Farmers
(number)1 P-value2

Risks of weeds
Agricultural 56 40 23 0.001
Economic 30 36 23 0.157
Ecological 9 5 9 0.564
Social 3 19 22 0.001
Benefits of weeds
Agricultural 43 59 22 0.011
Economic 3 3 4 0.090
Ecological 48 31 18 0.009
Social 3 3 4 0.090
Philosophical 0 3 4 0.130
Weed introduction
Agricultural 86 69 22 0.005
Natural occurrences 5 11 11 0.062
Wildlife 0 12 10 0.002
Social 9 8 5 0.297
Weed spread
Agricultural 66 64 19 0.863
Natural occurrences 10 14 10 0.689
Wildlife 11 9 5 0.375
Social 0 5 1 1.000
Biological 14 9 6 0.001

1 Number of farmers (out of 23 total) that discuss a particular
perception category.
2 Wilcoxon sign-rank test for difference in emphasis between
experts and farmers.

Table 5. Agricultural causes of weed spread and introduction.
Percentages reported represent the relative emphasis based on
frequency of codes from interviews by experts and farmers.

Expert
(%)

Farmer
(%)

Farmers
(number)1 P-value2

Weed introduction
Raw manure 35 21 13 0.004
Compost 25 14 6 0.008
Farmer management

behavior
10 22 11 0.040

Seed sources 8 14 7 0.830
Weed spread
Farmer management

behavior
39 36 15 0.940

Mechanical 24 40 15 0.015
Seedbank 17 4 2 0.001

1 Number of farmers (out of 23 total) that discuss a particular
category.
2 Wilcoxon sign-rank test for difference in emphasis between
experts and farmers.
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In the following sections, we present results and
discussion for the six types of management practices
most discussed by farmers. Farmers and experts also
discussed other practices less frequently, including mow-
ing, grazing, herbicides, nutrient management, crop
choice and seeding, tiling and use of transplants. The
relative emphasis reported in Fig. 3 was calculated based
on all discussed practices.
Cultivation and tillage. Farmers and experts most often

discussed bare fallow or stale seedbed cultivation practices
(16 farmers), including the importance of completing
multiple passes with equipment. Both groups discussed
the importance of timing cultivation when weeds are small
(six farmers), specifically mentioning the ‘white thread
stage’ during which seedlings are most susceptible to
cultivation (seven farmers).
Experts and farmers agreed that cultivation and tillage

was the riskiest practice overall (P=0.459). They primar-
ily discussed agricultural risks of cultivation and tillage
such as missing cultivation windows (19 farmers),
particularly in ‘too wet’ conditions. Both groups acknowl-
edged risks of implementation associated with crop
damage (eight farmers) and ecological risks of damage
to soils and erosion (nine farmers). Farmers uniquely
discussed economic risks of cultivation: cost of time,
labor, purchasing and using a tractor (five farmers).
Experts placed more emphasis on the benefits of cultiva-
tion and tillage than farmers (P<0.001). Experts primar-
ily discussed economic benefits, including the concept that
controlling weeds through cultivation pays for itself
through increased crop yield, and that accepting some
crop damage can result in better yield due to decreased
competition. Farmers did not discuss the latter concept.
Hand weeding and hoeing. Farmers discussed both

hoeing (13 farmers) and hand pulling (eight farmers).

They emphasized timing, particularly two main concepts:
(1) hand weeding before a weed goes to seed to preempt
seed rain, and (2) hoeing at the white thread stage. Experts
did not focus on timing, and discussed instead whether the
entire plant, roots included, needed to be removed
depending on the species, as well as use of the correct
tool. Hand weeding was the second riskiest practice
discussed by both experts and farmers (P=0.657, Fig. 3).
Experts placed nearly all emphasis on economic risks of
hand weeding, whereas farmers also acknowledged other
types of risks. Economic risks focused on the cost and
availability of time and labor associated with hand
weeding (12 farmers). Social risks discussed by farmers
focused on the challenging nature of hand weeding.
Experts and farmers both discussed benefits of hand
weeding minimally (P=0.492, Fig. 3).
Flaming. Experts and farmers discussed flaming both

pre- and post-emergence, and implementing it as a stale
seedbed strategy. Farmers exhibited more concern of risks
associated with flaming than experts (P=0.008, Fig. 3)
mentioning danger, panic and setting a field on fire
(12 farmers). Timing of flaming was identified as crucial
(five farmers), ‘critical within hours’ (F13). Farmers and
experts agreed on the emphasis on benefits of flaming
(P=0.470), particularly the added flexibility flaming
allows in response to weather conditions when preparing
a seedbed. Farmers discussed the value of the stale
seedbed approach of killing weed seedlings without also
bringing up new seeds as you would with a cultivation-
based, false seedbed technique37.

Table 6. Risks and benefits of weed management strategies.
Percentages reported represent the relative emphasis based on
frequency of codes from interviews by experts and farmers.

Critical weed-free
period management1

Seedbank
management2

Expert
(%)

Farmer
(%)

Expert
(%)

Farmer
(%)

Risks
Agricultural 52 58 70 60
Economic 27 26 24 21
Ecological 19 14 6 18
Social 2 3 0 1
Benefits
Agricultural 37 65 55 65
Economic 45 30 11 16
Ecological 11 0 26 19
Social 8 5 8 0

1 Strategies that allowed for critical weed-free period, generally
mechanical strategies targeting seedlings.
2 Strategies that managed the seedbank.

Figure 3. Relative emphasis on risks and benefits of weed
management practices, according to frequency of codes in
expert and farmer interviews. The number of farmers, out of
23 total, that discussed each concept is listed above the farmer
bars. Bars labeled with ** or *** denote significant differences
between expert and farmer emphasis at levels of P<0.01 or
0.001, respectively.
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Crop rotation. Farmers were asked, ‘Do you use crop
rotation to manage weeds? If so, what makes a crop
rotation successful at managing weeds?’ Twenty-one
farmers said they used crop rotation to manage weeds,
although several qualified that weeds are considered in
combination with disease, fertility requirements and soils.
Farmers discussed rotating crops that are easier to
control weeds in or ‘keep clean’ with those that are not
(ten farmers). Six farmers described using rotation to
temporally break weed life cycles.
Farmers and experts rarely discussed risks from crop

rotation (Fig. 3). Experts indicated that vegetable growers
may not execute a crop rotation in the same way a
grain grower would, for example. Organic vegetable
farmers often rely on particular sequences of crops, e.g.,
‘couplets,’ but not longer-term, predictable sequences38.
One vegetable farmer supported this claim, explaining
that she ‘can’t have a specific crop rotation’ due to
variability in soil moisture on her farm. Farmers
and experts placed similar emphasis on crop rotation
benefits (P=0.691), discussing agriculture, economic and
ecological benefits.
Cover cropping and green manures. Farmers were asked,

‘Do you use cover crops to manage weeds? If so, what
makes a cover crop successful at weed management?’
Sixteen farmers stated that they use cover crops tomanage
weeds, using them as a physical barrier, as well as mowing

the cover crop. Cover crop management details were
coded as regarding implementation, timing or type. The
expert model included roughly 3 times more implemen-
tation codes than timing codes; in contrast, the farmer
model included 12 times more implementation codes than
timing codes. In other words, farmers rarely discussed
timing of cover crop management.
Farmers and experts offered a detailed assessment of

both the risks and benefits of implementing cover crops.
Overall, experts placed more emphasis on the risks of
cover crops than farmers (P=0.005). Both groups dis-
cussed agricultural risks of implementing cover crops
most often, particularly that weeds grow in cover crops
and that both weeds and cover crops could contribute to
the seedbank if not monitored and controlled (Fig. 4).
Experts placed more emphasis on economic risks of cover
crops than farmers. Farmers rarely mentioned these
economic risks (Fig. 4), perhaps because they use cover
crops for benefits beyond weed management.
Farmers and experts, in agreement (P=0.532), men-

tioned benefits of cover cropping most often among
management strategies discussed (Fig. 3). Farmers most
often mentioned benefits of cover crops to soils by adding
organic matter, fertility and preventing erosion (nine
farmers, 50% of cover crop benefits codes). Farmers also
discussed the ability of a cover crop to smother, out-
compete and shade weeds (seven farmers, 25% of cover

Figure 4. Detailed categorical breakdown of cover cropping risks cited by farmers and experts. Numbers in parentheses indicate
number of codes in each category. Unique concepts, mentioned only by farmers or experts, but not both groups, are indicated by
italic font.
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crop benefits). Experts placed more emphasis on benefits
to soils (79% of cover crop benefits), and less emphasis on
competition with weeds.
Mulches. Experts and vegetable farmers discussed both

black plastic mulches (12 farmers) and organic mulches
(ten farmers), such as straw, crop residue and landscape
fabric. Experts and farmers placed similar emphasis on
risks of mulch (P=0.301, Fig. 3), both groups discussing
ecological risks of plastic mulch, focused on the waste
associated with use of this practice (seven farmers),
and economic risks, including the costs of mulch, time
and labor. Farmers uniquely discussed risks of weed
growth between pathways and rows, efficacy only against
certain weeds and introducing weed seed in dirty straw
mulch. Farmers and experts agreed on benefits of mulch
(P=0.064), such as smothering weeds (four farmers) and
warming up the soil faster (four farmers), important in the
short New England growing season.

Ranking exercise

Farmers quickly ranked 16 factors in order of importance
to them when making weed management decisions
(Table 1). The most important factors were: (1) type
and timing of weed; (2) what worked in the past; and
(3) available time and labor. These priorities align with the
results of the coded interviews, with farmers relying
heavily on their own experience as a source of knowledge,
and emphasizing the constraint of time and labor as a
major risk of weeds.

Conclusions

This study was motivated by the goal of improving
EWM outreach and research to better target organic
farmers. New England farmers, as a group, demonstrated

knowledge of the major concepts important to experts,
although there were differences in emphasis between
experts and farmers. Farmers weremanagement-centered,
more concerned with management of the weed seedbank
than the ecological complexity that surrounds it. They
discussed specifics rather than complex generalities, for
instance focusing on specific problem species. Knowledge
about weeds and available management strategies does
not appear to be a general constraint for organic farmers
as much as constraints of time and labor. However, there
were gaps between expert and farmer beliefs regarding
two components of weed biology, weeds as indicators of
soil nutrient levels and weed seed longevity.
One-third of farmers discussed weeds as indicators of

soil conditions. Experts usually discussed this concept
with skepticism or uncertainty. The idea of a ‘balanced’
soil, with ideal base cation saturation ratios, is promoted
by some private soil-testing laboratories and is discussed
in several popular publications as an effective weed man-
agement practice39,40. The general argument is compel-
ling:Weeds are simply indicators of soil problems; address
the ‘root of the problem’ by correcting the soil problem
and, by extension, weeds will no longer be a problem.
Weed scientists have conducted considerable research on
fertility effects on weeds, generally focusing on selective
delivery of nitrogen to crop plants41. A recent review on
this subject concludes that existing data do not support the
base cation saturation ratio concept42, and effects were
not observed in the two published accounts of field
studies43,44.
Weed seed longevity is another belief to target in future

communication efforts. One-fourth of farmers focused
on the maximum length of time seeds live in the soil.
Knowledge of seed longevity for different species can
strongly influence management choices farmers make.
For instance, the impact and timeliness of zero seed rain

Table 7. Key communication points based on incongruities between farmer and expert weedmanagement knowledge and perceptions.

Farmer beliefs Communication/research recommendations

Most salient
. Economic impact of weed management is multi-
dimensional—more than simply yield loss

. Weedmanagement decisions are closely aligned with
soil quality

. Farmers are management-centered rather than
ecology-centered

. Farmers learn best from their own experience and
that of other farmers

. Incorporate the cost of time and labor and crop quality along with reduced
yield to better represent economic impact of weed management strategy
for farmers

. Identify benefits or risks of weed management to soil quality. Conduct
research testing cultivation effects on soil quality

. Focus on solutions to specific problems rather than generality of
ecological complexity

. Implement on-farm trials; engagement with farmer advisory boards
throughout research process

Potential misconceptions
. Weed seeds live in the soil for 20+ years
. Weeds are indicators of soil nutrients

. Illustrate species-specific effects of weed management practices that target
seedbank (e.g., zero seed rain); demonstrate practical implications of
‘half-lives’

. Distinguish between effects of nitrogen and nutrients such as calcium and
magnesium on weeds. Conduct further research on base cation ratio on
weeds
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practices or burying seed with inversion tillage will vary
with the seed longevity of a given species. Hairy galinsoga,
the species named as most problematic and most risky by
New England vegetable farmers, lacks dormancy in the
soil45. Data on actual seed decay indicates that farmers
may be overestimating seed longevity in the soil46. In
other words, farmers focus on the relatively low number of
seeds that persist many years rather than the large decline
in seed density in the first few years, when most seed loss
occurs. Farmers do, however, discuss this in species-
specific contexts, for instance always making sure to hand
weed species such as mustard.
Scientific research was not of great importance to

farmers when making weed management decisions
(Table 1). Farmers placed a great deal of emphasis on
learning from their own experiences and those of other
farmers, consistent with other studies8,10–12. Scientists and
extension professionals can work to incorporate these
learning avenues into future research and outreach.
Funding agencies such as the USDA now emphasize
stakeholder involvement and participatory research as a
necessary component of research projects. Examples of
participatory learning of weed science has been demon-
strated both in classroom and extension settings47,48.
Mental models research findings should be used to decide
both the content of outreach materials as well as the
framing and delivery of these messages13 to best address
both misconceptions and farmers’ most salient beliefs
(Table 7). Our research suggests that scientists and
extension professionals need to focus more on the framing
of educational materials to address the farmer priorities of
soil quality and time and labor. Collaboration among
weed scientists, soil scientists and economists to produce
outreach material could provide more realistic framing in
contrast to traditional, discipline-specific materials.
A long-held basic tenant of organic agriculture, soil

health is mentioned repeatedly amongst farmers. The
major risks of cultivation and tillage discussed were
damage to soils, and the major benefits of cover cropping
were for soils. Farmers described scenarios in which they
knew that their cover crop was detrimental due to weed
management, but beneficial to soils, thus they let it grow.
Weed management research that not only measures yield
effects, but also includes a multi-dimensional assessment
of time and labor constraints and effects on soil health,
may better serve farmers. Tools such as spider plots used
to assess ecosystem services of cover crops47,49 could
be modified to incorporate economic components and
information regarding effects on specific problematic
weed species in a given region8.
All farmers interviewed discussed cultivation as a

critical strategy and demonstrated awareness of the risks
of this practice, in agreement with expert emphasis on
cultivation risks. Adoption of seedbank management
approaches such as crop rotation and use of cover crops
were widespread among this population as well, although
the motivation was not purely driven by weed problems.

Cover crop perceptions in particular were exemplary of
the depth of understanding the mental models approach
provided, illustrating risk and benefit tradeoffs that
farmers face, and the importance of context of the
management practice—success or failure depending on
the type of weed being managed, the type of cover crop,
how it is implemented (seeding density, residue manage-
ment) and timing. This goes far beyond asking organic
farmers whether they use cover crops on their farm.
Farmers and experts agreed that cover crops provide
many benefits, yet farmers placed less relative emphasis on
risks of cover cropping (Fig. 3). Education and outreach
can capitalize on this by providing details on the types of
benefits and risks of cover cropping, and the management
strategies or context (type of crop or weed) that magnify
or minimize either the benefits or risks. For example,
several farmers clarified that it is the disturbance
associated with cover crops that manages the seedbank
rather than cover crops themselves, a point supported by
recent research50.
In conclusion, these incongruities have prompted us to

develop new educational materials focused on weed seed
longevity and management of the weed seedbank, and,
secondly, to conduct regional focus group meetings with
farmers who prioritize fertility management in their
efforts to control weeds, especially manipulations of soil
nutrients. More broadly, we will frame organic weed
management outreach in the context of the soil health,
economic and labor benefits whenever possible, to better
relate to the whole-farm priorities of organic farmers.
Future communication efforts should be evaluated to
assess changes in beliefs or practices by farmers.
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