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Farm size affects the use of agroecological
practices on organic farms in the United States

Jeffrey Liebert ®'™, Rebecca Benner?, Rachel Bezner Kerr©3, Thomas Bjérkman®45,
Kathryn Teigen De Master®, Sasha Gennet’, Miguel I. Gomez8, Abigail K. Hart®, Claire Kremen©®¢é19,
Alison G. Power" and Matthew R. Ryan®"

Organic agriculture outperforms conventional agriculture across several sustainability metrics due, in part, to more widespread
use of agroecological practices. However, increased entry of large-scale farms into the organic sector has prompted concerns
about ‘conventionalization’ through input substitution, agroecosystem simplification and other changes. We examined this
shift in organic agriculture by estimating the use of agroecological practices across farm size and comparing indicators of con-
ventionalization. Results from our national survey of 542 organic fruit and vegetable farmers show that fewer agroecological
practices were used on large farms, which also exhibited the greatest degree of conventionalization. Intercropping, insectary
plantings and border plantings were at least 1.4 times more likely to be used on small (0.4-39 cropland ha) compared with large
(>405 cropland ha) farms, whereas reduced tillage was less likely and riparian buffers were more likely on small compared
with medium (40-404 cropland ha) farms. Because decisions about management practices can drive environmental sustain-
ability outcomes, policy should support small and medium farms that already use agroecological practices while encouraging

increased use of agroecological practices on larger farms.

tainability of agri-food systems'. In the United States, the pre-

vailing ‘conventional’ model of agriculture is input-intensive
and narrowly focused on maximizing crop yield. Landscape and
management simplification, product standardization and consoli-
dation of farms and agribusinesses have resulted in tremendous
production outputs. Yet, the practices associated with this agricul-
tural paradigm have also been major drivers of biodiversity loss, soil
degradation, water pollution and greenhouse gas emissions*™.

As a series of mutually enabling trends, synthetic fertilizer and
pesticide use, mechanization and farm size have increased since the
1940s. Fewer farmers are now working larger farms, a change that
was encouraged by policy, research and development. Championing
this transition in the 1970s, former US Secretary of Agriculture, Earl
Butz, declared that farmers should ‘get big or get out”. Since then,
the average size of US farms has increased. By 2000, the major-
ity of cropland had shifted from being managed by small- and
medium-scale farmers to large-scale farmers on operations of at
least 405ha. As a result of market forces and policies that dispro-
portionately reward economies of scale and particular commodity
crops®, the majority of cropland is now managed on large farms,
primarily at the expense of medium farms (Fig. 1).

In the United States, organic farms are smaller (135ha), on aver-
age, than conventional farms (180ha)>'. Over 2.2 million hectares
of farms and ranches are certified organic, with 1.4 million hect-
ares dedicated to crop production. Although it comprises less than
1% of all farmland in the United States, organic agriculture has

| ransformative changes are urgently needed to increase the sus-

been promoted as a management approach that can help amelio-
rate the deleterious effects associated with conventional agricul-
ture'>'2. Compared with conventional production, organic farming
performs better across an array of sustainability metrics—such as
energy use, soil quality and the provision of ecosystem services—
largely through the use of practices that support biodiversity and
minimize negative impacts on the environment''>'*. These bene-
fits reflect the focus of the United States Department of Agriculture
(USDA) National Organic Program (NOP) standards, which were
designed to maintain or enhance soil health and ‘promote ecologi-
cal balance’’*. Many of the practices commonly used on organic
farms are also characteristic of agroecology and other alternative
approaches to agriculture. Agroecology can be described as a scien-
tific discipline, suite of practices and social movement'®. Although
the focus is on practices here, we understand agroecology to inte-
grate these three dimensions.

Agroecological practices

Agroecological practices aim to maintain the ecological integ-
rity of farming systems, which in turn provide ecosystem services
such as nutrient cycling, pollination and biological pest control'”-".
Such services not only undergird the resilience of a farming sys-
tem, but can also reduce the need for off-farm inputs. In this study,
we focused on eight agroecological practices that range from
within-field to landscape-level implementation: compost or manure
application, intercropping, insectary plantings (for example, flower
strips), reduced tillage (a decrease in tillage intensity or frequency),
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Fig. 1| The proportion of total US cropland managed by farms in different
size categories: 0.4-39, 40-404 and > 405 ha. Farm size categories

are adapted from the 2017 Census of Agriculture (Methods). Data were
compiled by J. MacDonald (USDA Economic Research Service) and
represent all crop farms in the United States*.

diverse crop rotations (three or more crops), cover cropping, border
plantings (for example, hedgerows) and riparian buffers (Fig. 2).

Because biological diversity is a key element in ecosystem function
and maintenance, it is notable that all eight practices support greater
above- or below-ground biodiversity. Crop rotation is among the
most fundamental practices in this regard. Diversified crop rotations
reduce yield loss and the risk of crop failure under climatic stresses,
as well as increase yields during more productive growing condi-
tions*'. Crop rotations can also limit the frequency and severity of
pest outbreaks, support more diverse soil biota and enhance nutri-
ent cycling, among other benefits'”". With intercropping and cover
cropping, leveraging plant functional traits through crop species and
cultivar selection and management can yield a range of ecosystem
services, including weed suppression and nitrogen fixation’>*’. The
application of compost or manure enhances numerous indicators of
soil health™, such as organic matter* and soil microbial community
composition and activity”. Reducing tillage can also improve soil
health through increased aggregate stability, microbial biomass C
and soil respiration, among other characteristics” . Diversifying an
agroecosystem with insectary plantings and semi-natural, perennial
or other flower-rich habitats along field edges (border plantings) can
enhance pest control and pollination services®**-**, although context
and landscape complexity are important mediating factors™. Riparian
buffers also provide habitat for beneficial organisms and movement
corridors or stepping stones for wide-ranging species, but they are
primarily used by farmers to prevent sediment, nutrient and pesticide
transport via run-off”.

Because these agroecological practices are applicable to all types
of farm management, organic farms that integrate multiple practices
can serve as models for transforming agriculture'"'*°. However, as
cropland becomes increasingly consolidated among fewer farm-
ers and market opportunities entice conventional farmers to enter
into organic production, concerns about the conventionalization of
organic agriculture have emerged” .

Conventionalizing organic agriculture
The process by which organic agriculture is becoming more simi-
lar to the dominant industrial model of farming has been termed

‘conventionalization”. The conventionalization process is char-
acterized by larger farm sizes, simplified agroecosystems, greater
mechanization, standardized crop production and a reliance on
input substitution (that is, replacing a prohibited input with an
NOP-approved input)***. Social, economic and political conse-
quences of conventionalization include the use of more non-family
labour, less full-time farmworker employment, increased contract
growing, a decline in direct marketing, vertical integration and a
weakening of organic standards**'.

Similar to the trends observed among all farms in the United
States, the consolidation of land among a decreasing number of
increasingly large farms has also occurred in the organic sector.
Because of conventionalization, organic agriculture is bifurcating
into two distinct groups: large-scale operations mass-producing a
few crops for wholesale; and small- to medium-scale farms using
more ecological practices to grow a diverse array of crops for direct
sale. In 2017, crop farmers who primarily sold organic products
managed 49% of organic cropland while representing 73% of all
farms with NOP-certified sales. By contrast, farmers who primarily
sold non-organic products managed the remaining 51% of organic
cropland, but represented just 27% of all farms with NOP-certified
sales*>*’. In other words, a small number of large-scale farmers—
predominantly conventional but whose operations include a frac-
tion of organic land—manage the majority of organic cropland in
the United States.

Some researchers have emphasized the importance of distin-
guishing between different types of organic management'*'”",
but such differentiation is still uncommon in empirical studies.
Universally ascribing benefits or drawbacks to organic agriculture
might obscure the uneven potential among organic farms of vary-
ing sizes and management types to contribute to the transformation
of agriculture. This lack of distinction among organic farms could,
in turn, mislead research agendas or hinder more effective policy
interventions. If organic agriculture is to scale up in a way that
avoids many of the drawbacks of conventional production, it will
be important to better understand the effects of conventionalization
on organic farms. We use results from a national survey of organic
fruit and vegetable farmers to discern whether relationships exist
between farm size and the use of agroecological practices and to
assess the degree to which conventionalization is occurring among
organic farms in the United States.

Results

A total of 542 organic fruit and vegetable farmers from 43 states
completed our survey. Farm sizes based on cropland ranged from
0.4 to 9,737 ha, with a mean size of 8, 128 and 1,904 cropland ha for
small (0.4-39ha, n=394), medium (40-404ha, n=109) and large
(>405ha, n=39) farms, respectively. The farmers represented here
grow as few as a single fruit or vegetable crop to more than 50 dif-
ferent species.

Practice-use among organic farmers. Farmers who managed small
or medium farms used more than five of eight agroecological prac-
tices on average (Fig. 3), which was a greater number of practices
than large-scale farmers (small versus large, P=0.0004, and medium
versus large, P=0.02). Over half of the small- and medium-scale
farmers used at least six of the eight practices.

The relationship between farm size and the use of specific agro-
ecological practices varied among (Fig. 4 and Supplementary Table
1) and within (Supplementary Table 2) size categories. Across all
three size groups, the probability that an organic farmer used a
diverse crop rotation, cover cropping or riparian buffers was over
75% (Fig. 4). The use of border plantings, by contrast, had among
the lowest predicted probability (<63%) across farm sizes. When
averaged over all eight practices, small-scale farmers exhibited the
highest probability of practice-use (79%), with all practices more
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Fig. 2 | Agroecological practices organized by their typical on-farm scale of application. Based on previous reviews of agroecological practices?**°, this
categorization scheme, ranging from within-field to perimeter and landscape-level application, is common. Some practices can be implemented at multiple
scales or combined across scales to create a 'diversified farming system'?°. Photographs provided by R. Maher (compost and reduced tillage), C. Pelzer

(cover cropping), F. Leivo (riparian buffer) and J. Liebert (all other practices).

likely than not to be used among this size category (that is, all prob-
abilities were >50%; Fig. 4). By contrast, large-scale farmers were
associated with the lowest average probability of practice-use (65%),
as well as the only two practices that organic farmers of any size were
less likely to use than not use: insectary plantings at 29% (P=0.03)
and border plantings at 30% (P=0.04).

The use of compost, diverse crop rotations and cover crops
exhibited no differences among farm sizes within each practice
(Fig. 4 and Supplementary Table 1). The only practice that showed
a positive relationship with farm size was reduced tillage, increas-
ing from 69% to 81% as farm size increased from small to medium
(P=0.06; Fig. 4). For intercropping, small-scale farmers were more
likely to use the practice (74%; Fig. 4) than either medium-scale
(55%, P=0.004; Fig. 4) or large-scale farmers (52%, P=0.04; Fig.
4). The effect of farm size on the use of insectary plantings was even
more pronounced (Fig. 4): the probability of use markedly declined
from 80% among small-scale farmers to just 29% among large-scale
farmers (P<0.0001). Using border plantings was also less likely
among large-scale farmers compared with small- and medium-scale
farmers (Fig. 4 and Supplementary Table 1). Farmers in the smallest
farm size category were most likely to use riparian buffers if a water-
way, such as a stream or drainage ditch, was present on or adjacent
to their farmland.

Practice-use among medium-scale farmers was generally
intermediate. Whereas small-scale farmers were more likely to
use intercropping, insectary plantings and riparian buffers than
medium-scale farmers (P<0.008), reduced tillage was the only
practice more likely to be used on medium than small farms
(P=0.06). Medium-scale farmers were, however, more likely to
use both insectary plantings and border plantings than large-scale
farmers (P<0.02).

Indicators of conventionalization. Four features commonly
ascribed to conventionalization were assessed in the survey: low
crop diversity, high mechanization, wholesale marketing and
non-local market access. Together, these qualities describe a farm
that uses a standardized, industrial management approach to pro-
duce a relatively small number of crops for export-oriented whole-
sale markets. Among the survey respondents, these attributes were
generally associated with larger farms (Fig. 5).

Large-scale organic fruit and vegetable farmers managed the
least diverse crop rotations overall, although most of these farm-
ers grew between three and nine crops in a typical rotation (Fig.
5). Although nearly one-third of both small- and medium-scale
farmers produced 30 or more crop species, no large-scale farmers
managed similarly diverse rotations. The proportion of mechanized

NATURE PLANTS | www.nature.com/natureplants

Number of
agroecological practices used

T T T
0.4-39 40-404 >405

Farm size (cropland ha)

Fig. 3 | Average number of agroecological practices used by farm size
(cropland ha). Violin plots display the distribution of the data (n=542
farmer respondents), whereby the width indicates the observation
frequency. Estimated marginal means (points) are accompanied by 95%
confidence intervals (bars).

farm work increased as farm size increased. Among small-scale
farmers, 54% managed their farm with little to no mechanization
(0%-25%), whereas just 3% of large-scale farmers did the same
(Fig. 5). Conversely, around 6% of small-scale farmers managed
highly mechanized (75%-100%) operations, compared with 48% of
large-scale farmers.

Wholesale markets, which include selling to processors and dis-
tributors, were the primary destination for fruits and vegetables
grown on large farms: nearly 90% of large-scale farmers sold over
three-quarters of their produce wholesale (Fig. 5). Direct sales, such
as farmers’ markets, farm stands or community-supported agricul-
ture programmes, comprised over three-quarters of total sales for
74% of small farms, 30% of medium farms and less than 7% of large
farms. Relatedly, nearly 30% of the produce grown on small farms
was sold to consumers within a radius of 16km around the farm,
with just 12% transported further than 160 km (Fig. 5). In compari-
son, none of the crops grown on large farms were sold to consumers
within 16km of the farm, and nearly 60% was shipped beyond a
radius of 160km.

Farms of contrasting sizes market their crops in dissimilar ways,
potentially serving different consumers. Notably, however, only
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bars are 95% confidence intervals.

17% of small-scale (organic) farmers claimed that other small- or
medium-scale organic farmers were their biggest competitors (Fig.
5). Over 40% of small-scale (organic) farmers reported that com-
petition from large organic farms presented the greatest threat, fol-
lowed by 28% who designated this role to large conventional farms.
Among large-scale (organic) farmers, over 50% indicated that large
conventional farms were their greatest competition.

In our survey, respondents were asked if they would increase the
size of their farm if possible—that is, if all barriers to scaling up
were removed in a hypothetical situation. Among small farms, the
responses were evenly distributed at around 25% for each option
(Fig. 5). More than half of all large farms indicated that they would
‘definitely’ increase the size of their farm with just 3% definitive
about not doing so.

Discussion

Overall, most of the organic farmers in our survey used multiple
agroecological practices in a variety of combinations. Small-scale
farmers were able to adopt many of these practices, although usu-
ally not all eight concurrently, whereas large-scale farmers adopted
fewer agroecological practices in general. Other research has shown
that organic farmers are likely to use agroecological practices,
although many studies do not explicitly distinguish practice-use
among organic farms of different sizes'>'”-*****>* In a national sur-
vey that grouped all organic farms together, it was reported that 29%
of organic farmers maintained habitat for beneficial insects’; how-
ever, our analyses demonstrate that farm size is an important factor
for predicting the use of insectary plantings. While the probability
of using insectary plantings was 29% for large-scale farmers, it was
much higher at 59% and 80% for medium- and small-scale farmers,
respectively. Similarly, large-scale farmers were less likely (30%) to
use border plantings compared with medium- (62%) or small-scale
(54%) farmers.

Insectary plantings provide an illustrative example of how bar-
riers to using agroecological practices can vary substantially by
farm size. For instance, crop pollination services have been found
to decrease exponentially as the distance from an insectary plant-
ing increases®’. In our survey, the average field size for large farms,
at 41 ha, was not only 25 times larger than the average field size on
small farms, but it was also greater than the largest possible small

farm in that category. This disparity has inherent management
implications for optimizing pollination services, as well as for bio-
logical pest management™. Although insectary plantings are gen-
erally scalable?, large-scale farmers must consider trade-offs that
a small-scale farmer might not contend with to the same degree.
Integrating enough insectary plantings or border plantings to
countervail the suppressive effects of both low semi-natural habi-
tat abundance and low edge density (that is, perimeter-area ratios)
on functional biodiversity might present a greater challenge for
large-scale farmers, although landscape composition and configu-
ration can interact in complex, context-specific ways*-*°. Still, tak-
ing land out of production is a likely concern on farms of any size,
exacerbated by short-term leases and the high value of farmland in
many important growing regions in the United States.

In addition to cropping system constraints, marketing can pres-
ent uneven barriers that differentially affect large- and small-scale
growers. Large-scale farmers tend to sell their produce wholesale,
thus receiving a lower price per unit than those who sell directly
to consumers. To access some wholesale markets, farmers must
comply with third-party food safety standards that can be more
stringent than national guidelines®'. In these instances, compliance
has resulted in the removal of non-crop vegetation and a notable
simplification of agroecosystems™. Landscape simplification has
been shown to reduce both natural enemy and pollinator richness,
indirectly affecting pest control and pollination, resulting in lower
crop production®. Together, these factors have the potential to
affect large-scale farmers negatively through reduced prices, habitat
removal and lower yields. Although small-scale farmers engage with
different markets, buyers can still demand that they obtain some
form of food safety certification®'; unless they are exempt from these
demands, small-scale farmers face prohibitively high costs to com-
ply—costs that are substantially greater than for large-scale farms—
given the high fixed costs relative to sales™.

Conventionalization, competition and certification. Large farms
in our survey exhibited more characteristics of conventionalization
than smaller farms, including differences in the use of agroecologi-
cal practices, suggesting a bifurcation based on traits concomitant
with size. In early conventionalization research outside the United
States, it was suggested that the bifurcated sectors—large-scale
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Fig. 5 | Comparing potential indicators of conventionalization among
organic farms of different size (cropland ha). Points represent the
percentage of farmers (n=542 survey respondents) within a size category
who selected a specific response among a discrete number of choices for
a given survey question. The questions presented here focused on crop
diversity (number of crops in rotation), mechanization (proportion of work
that is mechanized), market channels (wholesale as a proportion of total
sales), distribution (distance to market), competition with other farmers
(size and management type) and scaling up (interest in increasing farm
size). Conv., conventional; med, medium; sm., small. See Supplementary
Table 3 for the associated contingency tables.

production for export markets and small-scale production for local
markets—coexist in a dependent relationship in which target mar-
kets are both separate and complementary®’. Despite small and
large organic farms serving different consumer niches*, small-scale
farmers in our survey reported a disproportionately high degree of
competition from large organic farms. This threat might represent
a farm-gate price-squeeze™, driven by the entry of large-scale con-
ventional farmers into an organic market with few powerful buyers
(that is, oligopsony), providing products at a lower cost due to scale
efficiencies”.

The overall, though uneven, dilution of organic standards
leading to some products less differentiated from their convention-
ally produced counterparts—accommodates, if not encourages,
increased entry by larger farms®. This mainstreaming of organic
agriculture has been co-facilitated by big-box retailers and the
large-scale farmers who have access to processors, distributors and
national wholesale markets, thereby introducing organic products

58,59
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to a much greater number of people, often at a lower cost®. Yet, the
entry of these large farms can depress the price premium obtained
for organic produce, thereby discouraging the very farmers who
are most motivated by profitability from converting to organic
production®.

In the United States, reversing the attenuation of organic stan-
dards and evolving them beyond minimum requirements®” to
include measurable social and ethical dimensions might help
minimize the economic pressure from large farms, but not without
consequences for the price of organic products and growth in the
sector. Although some alternative certification schemes have been
developed to explicitly address social justice shortcomings, oth-
ers still eschew the inclusion of more rigorous social and ecologi-
cal principles in favour of regulation compliance, which has been
central to the critiques of the NOP*>>%-¢!_ Alternative certifica-
tions that do seek to redress the absence of strong commitments to
social sustainability typically frame their principles in contrast to
conventionalized organic standards. As such, voluntary adoption of
these alternative certifications seems more likely among small- and
medium-scale farmers, many of whom indicated that large organic
farms posed the greatest competition (Fig. 5). By contrast, elective
uptake of these more rigorous certifications seems less likely among
the large-scale farmers that the organic standards have been soft-
ened to accommodate.

It should be noted that the features of organic farms described in
this article cannot be extrapolated to other production regions with
different socio-economic or political contexts. We also agree with
other researchers**>** who have detailed the limitations of using
binary metrics in a heterogeneous organic sector. A large-scale
farmer is not inherently less attuned to environmental stewardship,
animal welfare or farmworker justice than a small-scale farmer, just
as small-scale farmers are not intrinsically or universally more eco-
logically and socially virtuous.

Identifying the use and disuse of agroecological practices helps
illustrate the differences among organic farms, but it does not reveal
why or how the practices are being used. Although the reasons why
agroecological or similar practices are used have received substan-
tial attention from researchers®, the different ways in which farmers
implement these practices—particularly across farm sizes—is not
well understood or documented. Such variations in the application
of a given practice can have profound implications for the delivery
of ecosystem services, or disservices, as well as the transformative
potential of the farming sector as a whole.

Redesigning agroecosystems. Although organic agriculture
can serve as a model for transforming agriculture, heterogeneity
within the sector in terms of agroecological practice-use and con-
ventionalization highlights the need for a guiding framework that
acknowledges the influence of farm size. Conceptualizing the trans-
formation of agriculture as a series of discrete steps can be a valuable
analytical approach, despite simplifying the complexity inherent in
the process®>*. One such framework for envisaging a shift towards
increasingly sustainable farming systems involves three nonlinear
stages: efficiency, substitution and redesign (E-S-R)%". These stages
can be sequential, but they are just as likely to occur simultaneously,
forwards or backwards, among different practices®.

Practices that increase the efficiency (E) of a farm usually involve
more judicious use of external inputs (for example, most applica-
tions of precision and digital agriculture technologies). The substitu-
tion (S) approach seeks to replace unsustainable inputs or practices
with more sustainable or environmentally benign alternatives (for
example, synthetic fertilizers might be replaced with compost).
The input substitution approach associated with the convention-
alization of organic agriculture involves the use of NOP-approved
inputs instead of prohibited ones, which is analogous to the more
general description of substitution practices employed by the E-S-R


http://www.nature.com/natureplants

ARTICLES NATURE PLANTS

Efficiency ‘ Substitution ‘ Redesign ‘
2 1.00 R 1
=
8 0754 4 B Farm size
5 ., L0t (cropland ha)
2 0.50 - B —__'h—'.'.ﬁ. B 0.4-39
> Lo e, ® 40-404
2 0.25 A B b ® >405
|53
Y .
o 0+ E i

Farm size (cropland ha)

Fig. 6 | Conceptual diagram illustrating the relationship between farm size and agroecological practice-use. Integrative approaches include using
an agroecological practice as an efficiency-increasing tactic, as a substitution for a less-sustainable input or as part of the systematic redesign of an
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framework. As with efficiency-increasing practices, substitution
practices do not necessitate major changes to the overall cropping
system. Redesign (R), by contrast, explicitly involves reshaping an
agroecosystem and leveraging ecological processes to minimize
externalities, enhance resilience and optimize the provision of eco-
system services. A redesign approach shifts the focus from reactive
interventions—even relatively ecological ones—to prioritizing pre-
ventative and regenerative measures on the farm. Whereas the least
sustainable farms are input-intensive in this schematic, the most
sustainable systems are biodiverse and knowledge-intensive.

Informed by our findings, we propose the following generalized
relationships: (1) implementing an agroecological practice sim-
ply to increase production efficiency is more likely on large-scale
organic farms, (2) using an agroecological practice to substitute
for a less-sustainable input or practice is no more or less likely on
organic farms of a particular size, and (3) using an agroecological
practice as part of a system-level redesign approach to optimize eco-
logical processes is more likely on smaller organic farms (Fig. 6).

In relation to our practice-use diagram, reduced tillage is the only
agroecological practice that follows the pattern associated with effi-
ciency (that is, a positive slope from small to large farms; Figs. 4 and 6).
Compost, crop rotation, cover cropping and riparian buffers generally
follow the pattern of expected use associated with substitution (that
is, marginal or no slope; Figs. 4 and 6). Intercropping, insectary plant-
ings and border plantings follow the pattern of expected use associated
with redesign (that is, a negative slope; Figs. 4 and 6). In the efficiency
and redesign scenarios it is less likely, but not impossible, for the oppo-
site to occur. Most important in this conceptualization, especially as
cropland continues to shift from medium- to large-scale farmers, is
the limited probability that large-scale farmers will transition (with-
out support) to a system that relies primarily on knowledge- and
labour-intensive agroecological practices to redesign their operation.
As recent studies have shown, medium-scale farmers can potentially
access resources and provide benefits that are distinct from other farm
types®”°. Accordingly, the ongoing disappearance of an ‘agriculture of
the middle’ is of particular concern”.

Conceptualizing the E-S-R framework as it relates to farm size
and the probability of practice-use has implications for develop-
ing policy that is tailored to farm size. In the policy and scientific
discourse about how agriculture should minimize or remedy the
socio-ecological ills associated with the dominant food system, two
distinct approaches have emerged: incrementalism and transforma-
tion®. The former focuses on increasing efficiency and substitu-
tion, whereas the latter prioritizes redesign. In relation to the E-S-R
framework, however, incrementalism and transformation are not
mutually exclusive. Although greater implementation of agroeco-
logical practices can deliver a wide range of social and ecological
benefits*, the use of these practices among farmers is limited, par-
ticularly as part of a redesign approach. In light of the relationships

between farm size and practice-use, we offer public and private
sector decision-makers three pathways for guiding transformative
change in agriculture:

(1) Promote increased use of agroecological practices, especially
those involving non-crop vegetation, among large-scale or-
ganic farmers through enhanced outreach and education to
policymakers, private sector actors, extension educators and
farmers on the multifaceted benefits of comanaging a farm for
biodiversity conservation and food safety.

(2) Support small and, in particular, medium organic farms by in-
creasing access to ‘values-based supply chains’ and alternative
markets, such as regional food hubs, that lie outside the scope
of direct competition with large farms.

(3) Develop or revise incentive programmes to provide progres-
sively greater financial assistance for agroecological practice-use
that demonstrates characteristics of efficiency (less support)
through redesign (more support).

Just as farm size is a proxy, not a prophecy, conventionalization
of the organic sector is not an inevitable trajectory. The degree to
which an organic farm might be described as conventionalized
exists on a gradient, and the probabilities we have presented are calls
to action, not predetermined outcomes. Whether an organic farm
has become conventionalized through size or management changes
or it has exhibited characteristics of conventionalization since its
establishment, targeted, scale-appropriate policy interventions can
shift both management and sustainability outcomes.

Although this work is focused on organic agriculture, we expect
that the farm size and agroecological practice-use relationships we
describe within the E-S-R framework exist under other types of
farm management. To this end, we recommend that farm size and
the way in which agroecological practices are used be positioned
more centrally when developing or refining policy and research pri-
orities aimed at generating transformative change in US agriculture.

Methods

Survey design. The survey questions were initially developed to address our
broad research objectives and the associated knowledge gaps we identified in the
literature. As we designed the survey instrument, we also created an interview
guide, which was comprised of themes, questions and prompts that were similar
to the survey questions. We used this interview guide to conduct semistructured
in-depth interviews with 10-12 farmers in both California and New York. Written
informed consent was obtained from all interview subjects who participated in the
study. The Cornell Institutional Review Board for Human Participants approved
our study (Protocol ID #1612006859).

The interviews provided detailed responses and valuable insight, informing our
questionnaire revisions. After these modifications, the questionnaire was tested by
a diversity of small- to large-scale farmers from multiple US states. Feedback from
this phase was then integrated into a final set of revisions. Numerous question
types were used throughout the survey, including multiple choice, text entry, rank
order and matrix tables with Likert-scale response options.
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Survey distribution. Created with the Qualtrics online survey platform, our
electronic survey was accessible with a computer, tablet or smartphone. We
primarily used maximum variation sampling (also known as ‘heterogeneous
sampling’), which is a subtype of non-probability purposive sampling. We used
this sampling procedure because probability sampling was not possible for

our population of interest, and it was important for our research objectives to
obtain responses from organic fruit and vegetable farmers who managed a wide
range of farm sizes and were characterized, potentially, by varying degrees of
‘conventionalization

To ensure that we minimized sampling bias and obtained a sufficient sample
of respondents who represented small- to large-scale farmers across a range of
conventionalization, we used a highly diverse and purposeful survey outreach
approach. This strategy included posting survey invitations on farmer listservs;
publishing invitations through various social media platforms, on farming-focused
websites and in electronic agricultural newsletters; promoting the survey through
trade magazine interviews; contacting farmers directly with email addresses
obtained from extension educators, grower associations, non-governmental
organizations and public databases; and through referral (snowball) sampling.

Although some of these outreach efforts reached organic farmers of all sizes
(for example, USDA Organic Integrity Database), others were more specific. For
example, obtaining farmer email addresses from farmers’ market managers across
the country provided access primarily to small- and medium-scale organic farms
because large-scale organic farmers typically sell their produce through wholesale
markets. To reach large-scale farms, our approach included promoting our survey
through extension educators at land-grant universities who often work with
medium- and large-scale farmers (though specific ‘small farm’ programmes are an
exception); crop consultants, who tend to do contract or salaried work for larger
farms; farm bureau contacts, some of whom serve on state boards with large-scale
farmers; and grower—shipper associations, which cater to large, vertically
integrated farms.

Once started, the survey could be completed over any number of sessions
within a 2-week timeframe. Because many farmers left the survey open and
returned to it multiple times, an accurate calculation of the average length of time
required to complete the survey was not possible. Although the survey remained
live between February and November 2018, the outreach and distribution efforts
were intermittent, rather than continuous, throughout that period.

Data preparation. A total of 1,264 responses from farmers across the United
States were obtained. Using R v.4.1.1 (ref. ), incomplete surveys were filtered out.
More specifically, any surveys that did not include responses to questions about
farm size, management type, crops grown or agroecological practices used were
excluded because these data were required for the analyses in this paper. Next, we
organized the respondents into two management types: conventional, which we
excluded from the analyses in this paper; and organic. Here, organic management
represented a composite of several subcategories from the survey, including any
combination of farmers who were certified organic, farmers who used organic
management but were not certified, farmers who managed land in transition

to organic certification and farmers who managed some land conventionally

and some land organically. Among this organic management group (referred to
collectively as ‘organic farmers’ in the main text), we filtered out farmers who did
not grow any fruits or vegetables. In addition to those who exclusively produced
fruits and/or vegetables, we retained farmers who produced a mix of fruits or
vegetables and field crops, grains, forages or livestock. We refer to all of these
farmers as ‘fruit and vegetable farmers’ for simplicity.

Based on the amount of cropland under production, the responses were then
organized into one of three farm size categories: 0.4-39, 40-404 or >405ha. Each
of these categories combined several size groups used in the USDA 2017 Census
of Agriculture®. Our small-scale category (0.4-39ha) matches the USDA group
(<40ha), which represents a farm size group that was relatively stable over the past
three decades with a slight 0.3% decrease in the proportion of cropland managed.
Our medium-scale category (40-404 ha) combines three USDA groups (40-80,
81-201 and 202-404 ha), which represents a farm size group that experienced a
23.4% decrease in the proportion of cropland managed. Our large-scale category
(>405ha) combines two USDA groups (405-809 and >809 ha), which represents
a farm size group that experienced a 23.7% increase in the proportion of cropland
managed.

All three USDA farm size groups that comprised our medium-scale category
saw a decrease and both USDA farm size groups that comprised our large-scale
category saw an increase over the three-decade period. Combining farm size
groups with consistent long-term trends (for example, all decreasing or all
increasing) allowed us to visualize the broader trend of cropland consolidation
(Fig. 1) more clearly, as well as conduct meaningful contrasts among farm size
groups. In our sample, the proportion of farmers who managed mixed operations
(that is, both conventional and organic management) was 7%, 28% and 72% for
small, medium and large farms, respectively. On these mixed operations, the mean
percentage of cropland that was under organic production was 45%, 33% and 25%
across the same farm sizes. Although we refer to the farm size categories as small,
medium and large for convenience, we are aware that such qualitative descriptors
differ substantially across the United States.
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This data preparation process yielded 542 responses from farmers across 43
states for use in our statistical analyses. The representativeness of this sample is
supported by the similar demographic composition observed when comparing
our national sample with the demographic characteristics reported in the USDA
2017 Census of Agriculture for organic farmers (Supplementary Table 4), as well as
the proportion of organic fruit and vegetable production by state (Supplementary
Table 5).

Statistical analyses. All analyses and visualizations were completed in R v.4.1.1
with the following packages: ‘tidyverse’”, lme47* and ‘emmeans™”. The total
number of practices used was summarised with violin plots. The width of these
visualizations represents the observation frequency (width increases as observation
number increases). We also predicted the average number of agroecological
practices in use on farms of varying size. Based on a linear model in which the
number of practices used was the response and farm size was the predictor, we
calculated estimated marginal means, which are equally weighted means of the
predictions, and 95% confidence intervals (Fig. 3).

Binomial logistic regression was used to predict the probability of whether
a farmer does or does not use a given agroecological practice. In the survey,
respondents were asked whether they currently use, previously used or never used
each of the eight practices. For riparian buffers, a fourth option was available, ‘not
applicable; so that the responses from farmers without waterways on or adjacent
to their farm would not confound the responses from farmers who had never
used the practice. Also, farmers who exclusively produced woody perennials,
such as fruit and nut trees, were excluded from the analysis of crop rotation. The
lifecycle of such crops precludes typical crop rotation. Responses from farmers who
previously used a practice, but no longer do so, were grouped with farmers who
had never used a practice before. Thus, our binary response variable was current
use (1) and current disuse (0).

The response was predicted by an interaction between practice (eight levels:
compost or manure application, intercropping, insectary planting, reduced tillage,
crop rotation, cover cropping, border planting and riparian buffer) and farm
size (three levels: 0.4-39, 40-404 and >405 ha), with anonymized respondent
identification as a random effect. After establishing a reference grid, which
included all combinations of the categorical predictors, we used the binomial
logistic regression model to estimate the mean on the response scale for each
combination in the reference grid. This process yielded estimated marginal means
and 95% confidence intervals (Fig. 4). Note that for binomial logistic regression,
the confidence intervals are asymmetrical due to the asymptotic nature of the
minimum and maximum values for predicted probabilities (that is, at y=0
and y=1, respectively). Pairwise comparisons (that is, contrasts) by farm size
(Supplementary Table 1) and by practice (Supplementary Table 2) were conducted
to compare the estimated marginal means with one another. For these tests, the
Tukey Method was used for the P-value adjustment. We note that interpretations of
the contrasts were not based exclusively on the threshold of p <0.05 (see refs. 7).

To assess whether there were any associations between farm size and a specific
indicator of conventionalization, Fisher’s exact test’” was used. This test can
accommodate contingency tables (that is, a table with I rows for categories of X and
J columns for categories of Y) that are larger than 2 x2 (I X J)”. Fisher’s exact test
is also preferred over Pearson’s chi-squared test when the sample size is relatively
small or when one or more cells in a contingency table has an expected frequency
of five or less”’, which was the case in some of our 3 X 4 tables (Supplementary
Table 3). Farm size categories (0.4-39, 40-404 and >405ha) were the rows and
conventionalization indicator responses (four discrete choices as a possible survey
response) were the columns. For these tests, the null hypothesis is that there is no
association between the two categorical variables, farm size and the (potential)
conventionalization indicator. The six questions related to conventionalization
focused on crop diversity (number of crops in rotation: 1-2, 3-9, 10-29 or >30
crops), mechanization (proportion of farm work that is mechanized: 0%-25%,
26%-50%, 51%-75% or 76%-100%), market channel (wholesale as a proportion
of total sales: 0%-25%, 26%-50%, 51%-75% or 76%-100%), distribution (distance
from farm to the final point of sale: <16.1, 16.1-161, >161 km or unknown),
competition (most difficult farm types to compete with: large conventional, large
organic, small-medium organic or small-medium conventional) and scaling
(interest in increasing their farm size: definitely yes, probably yes, probably no
or definitely no). After assessing whether farm size and the conventionalization
indicators were associated (Supplementary Table 3) using Fisher’s exact test
(two-sided) with each contingency table of counts (), we calculated proportions
(%), as presented in the Results (Fig. 5) and Discussion, as a more easily
interpretable metric for this analysis.

Reporting summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The national farmer survey data that were used in the analyses are available from
the corresponding author upon reasonable request. These data are not publicly
available as they contain information that could compromise research participant
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privacy or consent. Data from the USDA NASS 2017 Census of Agriculture were
also used to support the findings of this study, and they are publicly available at
https://www.nass.usda.gov/Publications/ AgCensus/2017.

Code availability
The R code used to generate the results is available from the corresponding author
upon reasonable request.
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Study description

Research sample

Sampling strategy

This study was a national survey of organic fruit and vegetable farmers in the United States. All data presented in the manuscript
were obtained from this survey and are quantitative. However, we also conducted semi-structured in-depth interviews with farmers
in both California and New York as part of a pilot study to help inform the survey question development.

The sample consisted of 542 fruit and vegetable farmers from across the United States. These farmers, from 43 of 50 states,
represent three farm size categories: 0.4-39 ha (n = 394), 40-404 ha (n = 109), and 2405 ha (n = 39). These farms were characterized
by at least some fruit and vegetable production (i.e., they did not exclusively produce non-horticultural crops, such as small grains or
livestock) and some organically managed cropland (i.e., they did not exclusively manage their farm conventionally).

To meet the objectives of our study, we aimed to survey a representative sample of organic fruit and vegetable farmers across a
range of farm sizes, located throughout the United States. The farmers who completed our survey were primarily male (58%), white
(92%), and 55 years of age or older (48%) with at least 11 years of farming experience (57%). As shown in a comparison with the
farmer demographics described in the USDA 2017 Census of Agriculture data in Supplementary Table 4, our sample of 542 farmers is
representative of organic farmers in the United States.

A multi-tactic approach was used for the survey outreach, distribution, and sampling. Probability sampling and a sample size
calculation were not possible for our population of interest because the probability of inclusion for each unit (i.e., organic fruit and
vegetable farmer, with subgroups defined by cropland-based farm size) was unknown (i.e., such data are not available for this
relatively small population). Instead, we primarily used a non-probability sampling approach, maximum variation sampling (also
known as “heterogeneous sampling”), which is a sub-type of purposive sampling. It was important for our research objectives to
obtain responses from organic fruit and vegetable farmers who managed a range of farm sizes and were characterized, potentially,
by varying degrees of "conventionalization." These criteria were based on our theoretical framework and expert elicitation.

Establishing the “sufficiency” of a sample size, whether using probability or non-probability sampling, depends on many factors. Our
approach to validating the size of our sample was informed by comparisons with data from the 2017 USDA Census of Agriculture, as
well as the use of statistical techniques that moderated inferences through the explicit consideration of variance (i.e., in relation to
the sample size of a given categorical factor level).

In terms of comparisons, the USDA 2019 Organic Survey, which is a 2017 Census of Agriculture Special Study, provides aggregate
data for broad crop type categories. Our sample of fruit and vegetable farmers (n = 542), for example, is 16% of the total number of
farmers who produce certified organic vegetables “grown in the open” (n = 3,300) and 23% of the total number of farmers who
produce certified organic “berries and other fruits” (n = 2,325). Unlike our sample, which represents farmers who potentially grow
both fruits and vegetables, the USDA data are separated by crop type (and the two categories listed here are not exhaustive
categories of all types of fruits and vegetables), and the same farmer can be counted in multiple crop type categories for the total
farm numbers by crop type. While imperfect, these USDA data provide approximate comparisons for our sample size.

Census data for each farm size category would be useful, but such data are only available for all farms with organic sales, which
includes pastureland/rangeland and other non-horticultural crop farms. Size comparisons with such coarse data would be
confounded by the significantly larger mean farm size of organic pastureland/rangeland, as well as field crop and hay farmers. In the
USDA 2019 Organic Survey, mean farm sizes differ substantially among farms with pastureland/rangeland (112 ha), field crops and
hay (102 ha), all vegetables grown in the open (28 ha), and berries and other fruits (9 ha). Although farm size comparisons between
our survey and the Census are limited by data aggregation, we did observe similar farm size distribution: >50% were small-scale,
<10% were large-scale, and the remaining were medium-scale farmers. In other words, our sample sizes for small (0.4-39 ha, n =
394), medium (40-404 ha, n = 109), and large (>405 ha, n = 39) farms appear to broadly reflect the national distribution of organic
farms that is skewed, in terms of farm number, towards small-scale farmers. (This farm size distribution also holds for conventional
farms in the US.)

To ensure that we minimized sampling bias and obtained a sufficient sample of respondents who represented small- to large-scale
farmers across a range of conventionalization, we used a highly diverse and purposeful survey outreach approach. This strategy
included posting survey invitations on farmer listservs; publishing invitations through various social media platforms, on farming-
focused websites, and in electronic agricultural newsletters; promoting the survey through trade magazine interviews; contacting
farmers directly with email addresses obtained from extension educators, grower associations, non-governmental organizations, and
public databases; and through referral (snowball) sampling.

While some of these outreach efforts reached organic farmers of all sizes (e.g., USDA Organic Integrity Database), others were more
specific. For example, obtaining farmer email addresses from farmers’ market managers across the country provided access primarily
to small-scale organic farmers since large-scale organic farmers typically sell their produce through wholesale markets. To reach
large-scale farmers, for example, we promoted our survey through extension educators at land-grant universities who often work
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with medium- and large-scale farmers (though specific “small farms” programs are an exception); crop consultants, who tend to do
contract or salaried work for larger farms; farm bureau contacts, some of whom serve on state boards with large-scale farmers; and
grower-shipper associations, which cater to large, vertically integrated farms.

Data collection For the interview-based pilot study, only researchers JL and RBK were present with the participants. The number of interviews
conducted (10-12 in both California and New York) was based partially on an assessment of data saturation. Notes were taken by
hand during the interviews and all interviews were audio recorded if the participant provided consent. Audio files were transcribed
and qualitatively coded to identify themes, specific questions, or particular wording that could be added to or refined in the survey
tool. We evaluated our interview notes and transcripts to identify whether new topics related to farm size, the use of agroecological
practices, or other attributes of conventionalization emerged. We iteratively revised our interview guide as we completed additional
interviews, incorporating and testing out new questions and prompts. Eventually, we observed that relevant new topics or questions
began to emerge less frequently, indicating that we were approaching saturation as it related to farmer-informed questionnaire
development.

JL and RBK were not explicitly blinded to the experimental condition of farm size. In order to interview farmers from a range of farm
sizes in each state, the researchers knew the approximate farm size prior to each interview. In terms of agroecological practice use or
degree of conventionalization, the researchers did not have any specific prior knowledge of the farmers. The researchers used the
same interview guide across all farmer interviews to reduce the occurrence of observer bias or confirmation bias.
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These interviews provided valuable insight, informing our survey revisions. After modifying our survey based on the farmer
interviews, the survey was tested by a range of small- to large-scale farmers from multiple US states. Feedback from this stage of the
survey development was then integrated into a final set of revisions.

The national survey was created with the Qualtrics online survey platform. As such, it was an electronic survey that was accessible
with a computer, tablet, or smartphone. As numerous question types were used in the survey (multiple choice, text entry, rank order,
matrices, and Likert scales), data were continuous, categorical (both ordinal and nominal), and qualitative. Responses (data) obtained
through the Qualtrics platform were exported to a comma-separated values (CSV) file and then imported into R for data cleaning and
analysis.

Timing The survey was opened on February 13, 2018, and closed on November 15, 2018. The survey was not closed at all during this time
frame, but activity (i.e., engagement with the survey) corresponded to periods of greater outreach and survey distribution.

Data exclusions All exclusion criteria were pre-established. For the analyses in our study, we required respondents to satisfy the following criteria: (1)
farm in the United States, (2) manage farms at least 0.4 ha in size (to align with USDA Census thresholds, Fig.1), (3) manage some or
all of their cropland organically, (4) grow some fruits or vegetables (not necessarily exclusively), and (5) indicate whether they use or
do not use at least one of the eight agroecological practices of interest. A total of 1,264 total respondents started the survey, and 542
respondents were retained for the statistical analyses. The exact numbers of respondents excluded from the statistical analyses were
as follows:

(1) Excluded 180 who did not indicate the country in which they farm (most of whom completed less than 10% of the survey) and 2
who were not farming in the US.

(2) Excluded 58 who did not indicate the size of their farm and 35 who managed farms less than 0.4 ha in size.

(3) Excluded 164 who did not indicate how they manage their crops (organically, conventionally, or both) and 97 who did not manage
any of their land organically.

(4) Excluded 22 who did not indicate the type of crops they managed on their farm and 147 who did not manage any fruits or
vegetables on their farm (e.g., some were exclusively small grain farmers).

(5) Excluded 17 who did not indicate whether they do or do not use any of the eight agroecological practices.

Non-participation Due to the approach taken to advertise and distribute the survey (described above), we cannot calculate a response rate for the
survey. For example, if an extension educator agreed to advertise the survey at a grower meeting, it was not possible to know how
many farmers were present at the meeting, nor how many actually completed the survey after learning about it at the meeting.
Similarly, we cannot know how many farmers saw our survey advertisements on social media, farmer websites, electronic
newsletters, or many other types of outreach.

Out of a total of 1,264 responses, 12 respondents made 0% progress on the survey, indicating that they did not complete a single
question. However, as respondents were allowed to skip any question in the survey, simply advancing the survey without answering
any questions would increase the progression score according to Qualtrics. Also, survey sections were randomized to avoid any bias
that might emerge due to survey question order. For these reasons, we cannot determine drop-off rates for the respondents.

Randomization Participants were not grouped during data collection (i.e., when taking the survey). In the analysis stage, participants were grouped
by farm size: 0.4-39 ha, 40-404 ha, or 2405 ha. These size categories correspond to several combined groups used in the USDA 2017
Census of Agriculture, as described in our Methods. Using these groups allowed us to contextualize our research with a 30-year trend
of cropland consolidation in the United States, which was relevant given the focus on farm size in our study.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
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Population characteristics

Recruitment

Ethics oversight

See “Research sample” above.

Participant recruitment was carried out as described in the “Sampling strategy” above. As the survey was entirely electronic
(i.e., no paper versions were made available), self-selection bias, as it relates to internet access, was possible. Though high-
speed internet is available to over 70% of the rural population in the United States, some farmers might not have
encountered any online survey outreach. While some of our outreach involved organizations that print materials for their
members and some of our contacts encouraged farmer participation in-person (e.g., at grower meetings), accessing the
electronic survey would have been more challenging for farmers without good internet access at home. The effect of this
self-selection bias would have been to suppress the response rate.

Though the survey introduction (the first screen of the electronic survey) describes the questionnaire in general terms,
certain words might have contributed to self-selection bias. For example, the mention of “sustainably” producing crops, even
though it was noted as context for the survey and not as selection criteria, might have attracted farmers who thought that
they used particularly sustainable management practices, or it might have deterred those who thought their practices were
less sustainable than some of their peers. Similarly, some farmers might not have completed the survey when they realized
that they were not using many of the agroecological management practices that we were inquiring about. Though we did not
call the practices agroecological in the survey, a farmer might have interpreted the use of these practices as the “desired” or
“better” response—simply because we were asking about them—and decided to stop taking the survey rather than indicate
that they did not use many, or perhaps any, of the practices. The result of such self-selection bias, if it occurred, would be to
increase the predicted probability of using a given agroecological practice or suppress the response rate.

The Cornell Institutional Review Board for Human Participants approved our study (Protocol ID #1612006859).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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