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crop systems
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Reducing tillage and supporting continuous living cover (CLC) can improve
agroecosystem sustainability under both organic and conventional field crop
production. What is less clear, however, is how reducing tillage affects the
economic sustainability of organic field crop systems with CLC as compared to
conventional field crop systems. To address this knowledge gap, we conducted
a comprehensive economic analysis based on field records and crop yields
from the long-term Farming Systems Trial (FST) at Rodale Institute in Kutztown,
Pennsylvania. The FST (established in 1981) comprises three farming systems
(conventional, low-input organic, and manure-based organic) which were split
into tilled and reduced-till treatments in 2008. FST field activities, inputs, and
crop yields from 2008 to 2020 were used to construct enterprise budgets to
assess cumulative labor, costs, returns, and economic risk of six replicated
theoretical farms. Reducing tillage on the conventional farms led to lower
gross revenues (—10%), but lower annual costs (—5%) helped maintain similar
net returns but increased economic risk as compared to tilled conventional
farms. Reducing tillage on the low-input organic farms also led to lower gross
revenues (—13%) and lower annual costs (—6%), which maintained net returns
and increased risk relative to the tilled, low-input organic farms. For the more
diverse manure-based organic farms that include periods of mixed perennial
cover, reducing tillage had a smaller effect on overall costs (—2%) and no effect
on gross revenues, net returns, or economic risk. Overall, reducing tillage did
not affect the long-term profitability of any of the three FST farming systems.
Regardless of tillage practices or organic price premiums, the manure-based
organic system supported higher net returns than the conventional system.
This finding suggests that continuous living cover and manure inputs may have
a greater influence on system profitability than tillage practices.

conservation tillage, no-till, continuous living cover, organic agriculture, economics,
profitability
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1. Introduction

Innovative agricultural practices developed during the 20th
century helped double grain yields since the 1960’ (Ramanlkutty
etal., 2018), but the widespread adoption of synthetic pesticides,
inorganic fertilizers, expansive monocultures, and intensive
tillage has come at great human health and environmental costs
(Tilman et al., 2002; LaCanne and Lundgren, 2018; Sanaullah
et al, 2020). To continue feeding, fueling, and clothing a
growing population, these once-innovative, now conventional
agricultural practices may need to be phased out in favor of
alternative, conservation-based practices. Conservation-based
practices can improve soil health and environmental quality, and
include strategies such as reducing pesticide use, diversifying
crop rotations, aiming for continuous living cover (CLC),
and applying organic fertilizers (Palm et al., 2014). It is no
coincidence that these practices are fundamental to organic
crop production, which overall has been shown to reduce
the negative effects of agriculture on environmental health
(Gomiero et al, 2011). In addition to these environmental
benefits, organic production is often more profitable because of
the price premiums that consumers are willing to pay for organic
products (Reganold and Wachter, 2016).

Although organic farmers have outpaced conventional
farmers in the overall adoption of conservation-based practices
(Gomiero et al,, 2011), one specific practice-reducing tillage-
has been more readily adopted under conventional management
(Mirsky et al, 2012; Claassen et al, 2018). Reduced-till
management has been adopted by over 65% of conventional
farmers in the United States in part because most have access
to low-cost herbicides that provide an effective way to manage
weeds without regular tillage (Pittelkow et al., 2015; Benbrook,
2016; NASS, 2019; White et al., 2019). Conventional reduced-till
strategies can significantly lower operating costs and, depending
on climate and other cropping conditions, can support high crop
yields (Archer and Reicosky, 2009; Chavas et al., 2009; Toliver,
2010; Deines et al., 2019). Lower crop yields in response to
reducing tillage are often attributed to high soil compaction,
nutrient deficiencies, and/or high weed pressure (Pittelkow
et al., 2015)—all factors that could be mitigated by supporting
continuous living cover. While many conventional farmers have
adopted reduced-till strategies, far fewer have adopted practices
that support continuous living cover (e.g., only 7.5% of farmers
plant cover crops; NASS, 2019).

In contrast, one of the most popular strategies to reduce
tillage in organic systems is cover crop-based, rotational no-
till, where cover crops are mechanically terminated to form a
weed-barrier mulch (Ashford and Reeves, 2003; Wallace et al,,
2017; Frasconi et al, 2019). Under this strategy, mechanical
termination of cover crops usually occurs at the same time
as planting, eliminating any period of bare soil between cover
crop termination and planting cash crops. Despite the potential
cost savings and soil conservation benefits of reducing tillage
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and maintaining continuous living cover, uncertainty regarding
yields and profitability could limit the adoption of reduced-till
adoption in organic systems.

Reducing tillage under organic production has been
hypothesized to have similar economic benefits as under
conventional production (Peigné et al., 2007; Mirsky et al., 2012),
but few studies have tested this hypothesis (Delate et al., 2012;
Wittwer et al, 2021). Moreover, existing studies were either
based on short-term trials (Delate et al., 2012), which may not
capture year-to-year variability in crop yields (Delbridge et al.,
2011) or excluded genetically modified crops and pesticide seed
coatings (Wittwer et al., 2021) that currently dominate U.S.
field crop production (Douglas and Tooker, 2015; Donley, 2019)
and significantly affect management costs and profitability of
conventional systems (Finger et al., 2011; Alford and Krupke,
2018). Although these existing studies support the hypothesis
that reduced-till organic production is profitable, there is a
clear knowledge gap regarding the long-term economic impacts
of reducing tillage in organic farming systems compared to
conventional systems. A long-term economic comparison of
such systems could help address this knowledge gap and provide
critical information for farmers and policymakers interested in
organic reduced-till production.

In this paper, we conducted a comprehensive economic
analysis of the long-term Farming Systems Trial (FST) at the
Rodale Institute in Kutztown, Pennsylvania, which provided
a unique opportunity to perform a side-by-side economic
comparison of reducing tillage in organic and conventional
farming systems with different fertility inputs and different
degrees of continuous living cover. We hypothesized that
reducing tillage would lower crop yields and gross revenue
in both organic and conventional field crop systems, but
net returns would be higher due to the lower production
costs associated with reducing tillage. The results of this
economic analysis will serve as a valuable resource for extension
agents, farmers, and policymakers to assess the economic
advantages and disadvantages of reducing tillage in organic and
conventional farming systems.

2. Materials and methods

2.1. Design of the farming systems trial

This economic analysis was based on field operation and
input records of the Farming Systems Trial (FST) at the
Rodale Institute in Kutztown, Pennsylvania (Berks County, 40°
33/ 57-75° 43’ 47”). The FST was originally established in
1981 to study soil health, agronomy, and economics during
a transition to organic grain production. The FST initially
comprised three conventionally-tilled cropping systems: (1) a
conventional system with inorganic fertilizer inputs (CNV); (2) a
low-input organic system that relies on leguminous cover crops
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to supply nitrogen inputs (LEG); and (3) an organic system
with cover crops, periodic manure inputs, and a perennial
hay phase of 2-3 years during each crop rotation (MNR).
Cropping systems were replicated eight times (18 x 92-m
plots), with each replicate divided into three subplots (6 x
92-m) planted in different phases of the crop rotations. In
2008, reduced-till treatments were introduced to the study
by reducing tillage in half of the system replicates (RT-
CNV, RT-LEG, and RT-MNR) while conventional, full tillage
(FT) continued in the other four replicates (FT-CNV, FT-
LEG, and FT-MNR). Herbicide application helped to achieve
complete no-till production in the RT-CNV treatment, lowering
average Soil Tillage Intensity Ratings (STIR) ratings to 4.5
+ 0.4 compared to 142.7 £+ 8.4 in the FT-CNV treatment
(Pearsons et al., 2023). Rotational no-till was achieved in the
organic systems by no-till planting organic maize (Zea mays
L.) and soybeans (Glycine max L.) into cover crops that were
mechanically terminated by use of a roller-crimper (Ashford and
Reeves, 2003; Moyer, 2021). Depending on the sub-plot, no-till
organic maize and soybeans accounted for 15-24% of planting
events in the RT-MNR treatment and 15-30% of planting
events in the RT-LEG treatment (Supplementary Figures S1, S2).
Moldboard plowing and disking preceded all other crops and
cover crops in the organic treatments while chisel plowing
and disking preceded all crops and cover crops in the FT-
CNV treatment. Average STIR ratings for the FT-LEG and
FT-MNR treatments were 263.7 £ 29.2 and 196.2 + 37.9
respectively, while STIR ratings for the RT-LEG and RT-MNR
treatments were 178.5 £+ 15.5 and 126.3 + 18.8 respectively
(Pearsons et al., 2023).

Between 2008 and 2020, crop rotations differed among
the three systems (Supplementary Figures S1, S2). The CNV
system followed 2- and 3-year rotations of maize, soybean and
occasionally wheat (Triticum aestivum L.). In some years, hairy
vetch (Vicia villosa) or cereal rye (Secale cereale) cover crops
were planted in CNV sub-plots. The LEG system followed a
4-year maize-oats (Avena sativa L.)-soybeans-wheat rotation,
with hairy vetch preceding maize and rye cover preceding
oats and soybeans. As an additional source of nitrogen, clover
(Trifolium spp.) was planted concurrently with oats. From
2008-2014, a barley crop (Hordeum vulgare L.) was grown
in the FT-LEG plots prior to soybeans and in place of the
rye cover crop. The MNR system followed the LEG rotation
but with the addition of 2-3 years of alfalfa-orchardgrass
hay (7:4 w:w Medicago sativa L. and Dactylis glomerata L.),
1 year of maize silage, and one additional year of wheat
(Supplementary Figures S1, S2). In an average year, all four
organic treatments had living cover for over 10 months (FT-
LEG = 10.3 months, RT-LEG = 10.6 months, FT-MNR = 10.4
months, RT-MNR = 10.2 months). Even with occasional cover
crops, the CNV treatments had living cover for fewer months
(FT-CNV = 6.3 months; RT-CNV = 8.4 months) compared to
the organic treatments.
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Typical field operations for each crop within each treatment
are summarized in Table 1. For each year of the study, fertility
inputs in the CNV system were based on soil tests and
recommendations from the Penn State Agricultural Analytical
Services Laboratory (University Park, PA, U.S.A.) and herbicide
applications (timing, mixtures, and rates) were based on
recommendations from Weed Extension Specialists from the
Pennsylvania State University. Between 2008 and 2020, the
only external fertility input to the LEG system was potassium
sulfate, applied at a rate of 170kg K ha™! in 2008 and 2012.
For the MNR system, composted manure was applied at a
target rate of 89.7kg N ha~! prior to planting corn silage and
oats. Potassium sulfate was also applied to the MNR system
in 2008 and 2012, at the same 170kg K ha~! rate as in the
LEG system. No pest management strategies were deployed in
the MNR system, but parasitoid wasps (Trichogramma ostriniae;
IPM Labs, Locke, NY, USA) were deployed in 2012 to help
control European corn borer (Ostrinia nubilalis) in the LEG
system based on recommendations from Pennsylvania State
University Extension.

2.2. Relative crop yields

Relative yields (YR) were analyzed to account for the
different frequencies for which specific crops were grown within
each treatment. YR was calculated as the ratio of the experiment
yield compared to county average yields:

Yr= Yg/Ya

Where YR =
experimental yield at the subplot level, and Y4 = county average

relative yield (a unitless value), YE =

yield for a given crop in a given year. Average county yields were
obtained from the USDA NASS - Quick Stats database (NASS,
2021). In years where average crop yields were unavailable for
Berks County, values from nearby Lehigh County (maize: 2009,
2010, 2013; oats: 2010, 2013, 2019) or all of Pennsylvania (wheat:
all years; barley: 2009, 2010; hay: 2016, 2017, 2019, 2020; silage
corn: 2013, 2018) were substituted. Student’s t-tests were used to
test if average crop yields were significantly different than county
averages (Ho: YR = 1) for each crop in each treatment. Raw yield
data from the FST for this period (2008-2020) were analyzed and
discussed as part of an assessment of grain quality from the FST
(Pearsons et al., 2022).

2.3. Enterprise budgets

Records of field activities, inputs, and crop yields from
the FST were used to construct enterprise budgets (Chase
et al, 2019; Chase, 2020) for each subplot for each year
from 2008 through 2013, as well as from 2016 through
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TABLE 1 Typical field operations for each crop grown in each treatment.

Cover crop, cash

10.3389/fsufs.2022.1004256

crop
Field operation(s)

Hairy vetch, maize Plow - - MB MB MB MB
Disk and pack - - DP DP DP DP
Plant hairy vetch cover, - - P, 34 P 34 P, 34 P, 34
kg ha™!

Herbicide, - H1 - - - -

burn-down

Plow CP - MB - MB -

Disk and pack Dp - Dp - DP -

Plant maize, P, 82 NT, 82 P, 89 RCHNT, 89 P, 89 RCHNT, 89

1,000 seeds ha™!

Fertilize NPK NPK - - - -

Herbicide, H3 - - - -

pre-emergent

Herbicide, H4 H4 - - - -

post-emergent

Fertilize N1 N1 - - - -

Cultivate - - TW 2x - TW 2x -
RC2x RC2x

Harvest maize v v v v v v

Rye, oats Plow - - MB MB MB MB
Disk and pack - - DpP DP DP DP
Plant rye cover, kg ha™! - - P, 202 P, 202 P, 202 P, 202
Apply compost, - - - - LM, 28-38 LM, 28-38
1,000 kg ha™!

Plow - - MB MB MB MB
Disk and pack - - DP DP DP DP
Plant oats, kg ha™! - - P, 202 P, 202 P, 202 P, 202
Plant clover, kg ha™! - - - - BC, 10-15 BC, 10-15
Harvest oats - - v v v v

Rye or barley, soybeans Plow - - MB MB MB MB
Disk and pack - - DP DP DP DP
Plant rye cover, kgha™! - - - P, 202 P, 202 P, 202
Plant barley, kg ha™! - - P, 202 - - -
Harvest barley, - - v - - -
rake, ted, and bale straw
Plow CP - MB - MB -
Disk and pack DP - DP - DP -
Herbicide, burn-down - H1 - - - -
Plant soybeans, P, NT, P, RC+NT, P, RC+NT495-
1,000 seeds ha™! 445-494 445-494 495-544 495-544 495-544 544
Herbicide, post-emergent H5 H5 - - - -

(Continued)
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TABLE 1 (Continued)

Cover crop, cash

10.3389/fsufs.2022.1004256

crop
Field operation(s)
Cultivate - - TW 2x HRC TW 2x HRC

RC2x RC2x

Harvest soybeans v v v v v v

Wheat Plow CP - MB MB MB MB
Disk and pack Dp - Dp Dp DP DP
Herbicide, burndown - H2 - - - -
Plant wheat, kg ha=! P, 202 NT, 202 P, 202 P, 202 P, 202 P, 202
Fertilize N2 N2 - - - -
Herbicide, spring He Heé - - - -
Harvest wheat/ v v v v v v
rake, ted, bale straw

Hay 2-3 seasons Plow - - - - MB MB
Disk and pack - - - - DP DP
Plant orchardgrass, kg ha™! - - - - P 16 P16
Plant alfalfa, kg ha™! - - - - BC,9 BC,9
Cut/rake/ted/bale hay - - - - 8-10 x 8-10 x

Maize silage Apply compost, - - - - LM, 28-62 LM, 28-62
1,000 kg ha™!
Plow - - - - MB MB
Disk and pack - - - - DP DP
Plant maize - - - - P, 89 P, 89
Cultivate - - - - TW 2x TW 2x RC

RC2x 2%

Harvest silage - - - - v v

Field operations deviated where crop rotations changed (e.g., when cover crops were included in CNV rotations) and in response to planting issues, high weed pressure, or weather events.
These atypical operations (e.g., re-planting cash crops, additional cultivation, and additional herbicide applications) were included in enterprise budgets when they were performed.
Planting and fertilizer rates are listed as kg ha~! unless otherwise noted. Abbreviations are listed alphabetically and provide additional details regarding specific field operations, including

herbicide rates and mixtures applied in the CNV treatments.

BC, broadcast; CP, chisel plow; DP, disk and pack; H1, glyphosate (0.84 kg ha™!) + 2-4,D (0.56 kg ha™!) + ammonium sulfate (AMS; 2.24 kg ha!); H2, glyphosate (0.84 kg ha™!) + 2-4,D
(0.56kgha™1) + AMS (3.36 kg ha~!); H3, Degree Xtra (acetochlor + atrazine, 7.0 L ha~!) + Balance Flex (isoxaflutole, 219 mL ha~!); H4, Callisto (mesotrione, 219 mL ha~!) + atrazine
(0.56 kg ha™1) 4 1% v/v COC + 2% v/v UAN; H5, glyphosate (0.84 kg ha~1); He, Harmony Extra 50 SG (48 mL ha=') 4+ 2,4-D (1.4L ha~!'); HRC, high residue cultivate; LM, composted
leaf and dairy manure; MB, moldboard plow; N1, 135 kg nitrogen ha~!; N2, 67 kg nitrogen ha™ 1; NPK, 34 kg nitrogen ha=! + 34 kg phosphorus ha~! -+ 11 kg potassium ha~!; N'T, no-till
drill; P, conventional drill; RC, row cultivate; RC+NT, roller-crimper with no-till drill; TW, tine weed.

2020 (780 budgets). The typical FST crop rotations were
interrupted in 2014, so 2014 and 2015 were excluded from
this analysis.

For each year of the study, input costs were estimated
using management records, recent prices from vendors,
government databases, agricultural extension documents, and
communication with extension specialists. Estimated costs of
crop production were not available for Pennsylvania after 2016,
so machinery operation costs, per hour labor costs, fertilizer
costs, cash rent equivalent of land, and most conventional seed
costs (maize, soybeans, oats, alfalfa, and orchardgrass) were
derived from annual Estimated Costs of Crop Production in
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Towa documents (Duffy and Smith, 2008a,b; Duffy, 2009, 2011,
2012, 2013; Plastina, 2016, 2017, 2018, 2019, 2020). Hourly labor
requirements were derived from Estimating the Field Capacity
of Farm Machines (Hanna, 2016). Other seed costs were based
on actual purchase prices for seeds planted in the FST or were
estimated based on the relative price of seeds purchased for
the FST in 2021. Based on these relative prices, organic maize
and soybean seeds were priced as 80% the cost of conventional
maize and soybean seeds; organic oat, orchardgrass, and alfalfa
seeds were priced as 120% conventional seeds; rye seeds were
priced the same as oat seeds; wheat and barley seeds were priced
at 2 x oats; hairy vetch was priced as 40% the cost of alfalfa
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seeds; and clover was priced as 70% the cost of alfalfa seeds.
All seed costs and estimates used in this study are listed in
Supplementary Table S1.

Herbicide cost estimates were based on annual average
prices set by dealers throughout Pennsylvania; these estimates
were compiled and confidentially provided to the authors by
Penn State Extension. The cost of deploying parasitoid wasps in
2012 was provided by IPM Labs (Locke, NY, USA), with labor
costs estimates derived from Gagnon et al. (2016). Year-adjusted
costs to apply composted manure were based on scaled-up labor,
fuel, and machinery inputs required to produce, haul, and spread
compost at the Rodale Institute in 2008. Annual cost estimates
for labor, fertilizers, manure, parasitoid wasps, and seeds are
included in the Supplementary Table S1 (confidential herbicide
costs not included).

Average annual market crop prices for Pennsylvania were
obtained from USDA NASS Quick stats database (NASS, 2021).
For years where organic market prices for specific crops were
unavailable for Pennsylvania (noted in Supplementary Table S2),
the organic price premium was either estimated based on the
organic price premium for grains in Iowa (AMS, 2021; NASS,
2021) or interpolated based on averaging the price premium
in adjacent years. Missing organic maize silage prices were
estimated as 0.33 x the value of organic hay based on the method
used by Oregon State University (Downing et al., 2013), while
all straw prices were estimated as 0.75 x the average value of
conventional hay (Chase et al., 2019). Market prices are listed in
Supplementary Table S2, with annotations to note estimated or
adjusted values.

2.4. Modeling representative farms

To better reflect how the management practices applied
in the FST would affect labor, costs, returns, and risk for a
representative farm, we used enterprise budgets to model six
replicated theoretical farms, each based on one FST plot (3
systems x 2 tillage treatments, each replicated 4 times). Each
farm comprised three, 18-ha fields which corresponded to the
three subplots within each FST plot. Field size was chosen based
on the average farm size in Pennsylvania during 2008-2020
(54-ha; NASS, 2019). Statistical analyses were performed on the
labor, costs, and returns from these 24 theoretical farms.

2.5. Risk and sensitivity analyses

We assessed system risk using (1) a simple assessment of
year-to-year variability of net returns for each farm (standard
deviation) and (2) a safety-first model which additionally
accounts for average net returns (Musser et al., 1981; Hanson
et al, 1990; White et al, 2019). The output of the safety-
first model (lower confidence limit for net returns, L) can give
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farmers an idea of how often they can expect net returns to
exceed a certain value. The most common lower confidence limit
for net returns is Lys, which represents the lowest net returns a
farmer can expect in 3 out of every 4 years, where:

Ly;s =E— (0.674 X S)

with E equal to average annual net returns and S equal to
the standard deviation of average annual net returns. Larger
L75 values indicate less risky systems, as they are expected
to produce higher net returns in most years (3 out of 4
years). Additionally, we used linear interpolation to assess the
sensitivity of the two organic systems to variation in price
premiums (White et al., 2019).

2.6. Statistical analyses

All statistical analyses were performed in R (v.4.0.3). Relative
crop yields and returns (with and without organic premiums)
were compared across systems and tillage treatments using
linear mixed effect models (LMER from the “Ime4” package),
with system and tillage as fixed effects and year, farm replicate,
and the interaction of year and farm replicate as random effects
(Bates et al., 2015). As the goal of this analysis was to test the
effect of reducing tillage within each system, tillage treatment
was nested within system. For all models, model residuals were
tested for homogenous variance and normality. Pairwise mean
comparisons were generated using the EMMEANS function
from the “emmeans” package, with “mvt” P-value adjustments
to account for multiple comparisons (Lenth, 2021). Raw yield
data from the same period (2008-2020) for this experiment have
been previously analyzed and discussed as part of an assessment
of grain quality from the FST (Pearsons et al., 2022).

3. Results
3.1. Relative crop yields

Depending on the crop, relative yields differed across
farming systems and between tillage treatments (Figure I,
crop-specific results are presented and discussed in the
Supplementary material). Contrary to our hypothesis, overall
relative yields (averaged across all crops) did not significantly
differ between tillage treatments [Tillage (System): x% =34,P=
0.34]. Overall relative yields significantly differed across farming
systems (System: x% = 118.9, P < 0.0001), with higher yields in
the MNR system compared to county averages and significantly
lower yields in the LEG system compared to county averages
(MNR ,pative = 1.23 & 0.06, LEG oaive = 0.78 == 0.07).
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FIGURE 1

Relative yields across all tillage x system treatments in the FST from 2008-2020 for (A) maize [System: XZZ = 31.8, P < 0.0001, Tillage (System):
x2 =4.7, P =0.20], (B) soybeans [System: x2 = 279.2, P < 0.0001, Tillage (System): 2 = 4.9, P = 0.18], (C) oats [System: x5 = 29.3, P < 0.0001,
Tillage (System): x2 = 6.2, P = 0.05], (D) wheat [System: x3 = 18.5, P < 0.0001, Tillage (System): x2 = 11.2, P = 0.01], (E) barley, (F) maize silage
(Tillage: X32 =0.7, P=0.42), and (G) hay (Tillage: ng =0.02, P = 0.90). Means and error bars are estimated marginal means (EMM) and standard
errors from mixed models. Different uppercase letters above bars indicate significant differences across systems (Tukey HSD, P < 0.05). Different
lowercase letters above bars in (B) indicate significant differences in soybean yields across tillage treatments, with FT yields split between
soybeans that were planted following rye cover crops (solid green bar) or double-cropped following barley (green bar with white dots).
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FIGURE 2

Average annual costs for each representative farm with different tillage x system treatments. Total costs include land (brown), field operations
(variable and fixed preharvest and harvest actives; tan), labor (dotted red), seeds (horizontal yellow lines), fertility inputs (diagonal gold lines), pest
management inputs (vertical gray lines), and all other costs (interest, insurance, and miscellaneous expenses; white). Error bars are standard
errors for total costs within each tillage x system treatment.
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3.2. Costs

3.2.1. Field operations and labor costs

Annual costs associated with field operation were lowest
under conventional management (Figure 2; Table 2), averaging
21% higher in the LEG system and 34% higher in the MNR
system. Reducing tillage reduced field operation costs across all
three systems by an average of 16%. Low field operation costs in
the CNV system corresponded with the lowest labor costs, which
were over twice as high in both organic systems. Reducing tillage
reduced labor costs across all three systems by an average of 20%.

3.2.2. Input costs (seeds, fertility, pest
management)

Fertility, seed, and pest management costs all differed
across farming systems, but these inputs did not vary much
between tillage treatments (Figure 2, Table 2). Although manure
applications were more expensive than mineral fertilizer
application (an average of $452 ha™! for manure, $318 ha~! for
mineral fertilizers applied to conventional maize), more frequent
fertilizer applications in the CNV rotation meant average annual
fertility costs were nearly 50% higher for the CNV system
compared to the MNR system. Regional differences in manure
costs could further increase or decrease the difference in fertility
costs between the CNV and MNR systems (Delate et al., 2003;
Carr et al., 2020). Minimal fertility inputs in the low-input LEG
rotation led to notably lower fertility costs in the LEG system
compared to the CNV (—67%) and MNR systems (—52%).

Seed costs were the lowest in the MNR system (Table 2).
Despite the higher cost of GM maize and soybean seeds, limited
cover crop use meant seed costs were 10% lower in the CNV
system compared to the LEG system. The long hay phase of the
MNR system kept seed costs 16% lower than in the CNV system.

Input costs associated with pest management averaged
around $4,272 in the CNV treatments, largely as herbicide inputs
for weed control. Pest management inputs were negligible in the
two organic systems. Including the labor and field operations
associated with weed management (cultivation or herbicide
applications), overall weed management costs were nearly four
times higher in the CNV system (FT-CNV = $5,332, RT-CNV
= $5,256) compared to the FT organic treatments (FT-LEG
= $1,465, FT-MNR = $1,195) and over eleven times higher
than the RT organic treatments (RT-LEG = $455, RT-MNR =
$478). Reducing tillage did decrease weed management costs
in the LEG system by 18% but did not appreciably affect weed
management costs in the CNV or MNR systems.

3.2.3. Total costs

Excluding land (rent) costs (average of $567 ha™! year_l),
annual field operations and seed costs were the most substantial
cost categories. Overall, total annual costs (sum of land, labor,
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TABLE 2 Means and standard deviations (sd) of annual costs for representative farms with different tillage x system treatments.
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Average annual gross revenue and net returns for each representative farm with different tillage x system treatments (from 2008 to 2013, 2016
to 2020). Gross revenue (A) with and (B) without organic premiums, net returns (gross revenue — total costs) (C) with and (D) without organic
premiums. Error bars are standard errors, different letters indicate significant differences across systems (Tukey HSD, P < 0.05), while asterisks
indicate significant differences between tillage treatments within each system (at P < 0.05).
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field operations, inputs [seeds, fertility, pest management], and
other costs [insurance, interest, and miscellaneous costs]) were
notably different across the three farming systems and between
tillage treatments within each system (Figure2, Table2).
Even when accounting for very different organic-management
strategies (i.e., different tillage practices, crop rotations, and
fertility sources), total costs were comparable between the two
organic systems and only 9% lower compared to conventional
management. Although no-till management reduced total costs
for the representative NT-CNV farms compared to FT-CNV
(—5%), annual costs were still around 7% higher under NT-CNV
management compared to organic management (Figure 2).
Reducing tillage also lowered total costs under LEG management
(—6%) but only decreased total costs under MNR management
by 2%.

3.3. Gross revenues and net returns
Both with and without organic premiums, economic returns
differed across the representative farms that employed different

management and tillage strategies (Figure 3; Table 3). When
organic price premiums were applied to the grain and forage
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produced in the organic systems, both organic farms had higher
gross and net returns than the CNV farm (Figures 3A, C;
Table 3; gross returns: CNV = $84,807, LEG = $102,228, MNR
= $124,716; net returns: CNV = $7,651, LEG = $32,882,
MNR = $53,994); on average, LEG and MNR management
supported 21 and 47% greater gross revenues than CNV
management, respectively. Organic premiums increased gross
revenue in the LEG and MNR systems by 81 and 47%,
respectively (Figures 3A, B), and with lower costs under organic
management, cumulative net returns under MNR management
were over 7 times higher than under CNV management.
If the organic grain and forage were sold at conventional
prices without organic premiums, the LEG system would have
generated net losses (-$12,924). As overall relative yields were
higher in the MNR system compared to the CNV system
(largely driven by high-value hay) the MNR system would have
generated 45% higher net returns than the CNV system even
if the organic grains and forages were sold at conventional
prices (Figure 3D; MNR = $13,859, CNV = $7,651; t-ratio
= —104; P =
revenue under both CNV and LEG management but did not

0.07). Reducing tillage led to lower gross

significantly affect gross revenue under MNR management
(Figure 3, Table 3; —10% in CNV, —13% in LEG). Net returns,
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TABLE 3 ANOVA tables and estimated marginal mean values (EMM) for differences in annual gross revenue and net returns for representative farms
with different tillage x system treatments, with tillage nested in system and denoted as tillage (system).

Returns with organic premiums Returns without organic premiums
Factor Gross revenue, $ Net returns, $ Gross revenue, $ Net returns, $
x2 x2 P x2 x2
System 1183 ok 171.9 o 143.4 - 1183 ok
Tillage (System) 12.2 0.007 6.2 0.10 11.4 0.01 4.0 0.27
tem Tillage EMM  system P tillage EMM EMM  system P tillage EMM
CNV FT $89,299 | C 0.10 $10,351 | C $89,299 | A 0.03 $10,351 A
RT $80,315 $4,950 $80,315 $4,950
LEG FT $109,266 | B 0.01 $37,733 | B $60,513 | B 0.048 - B
$11,020
RT $95,190 $28,030 $52,332 -
$14,828
MNR FT $128,317 | A 0.18 $56,766 | A $86,901 | A 0.24 $15,350 A
RT $121,114 $51,222 $82,262 $12,369

Degrees of freedom for system = 2, tillage (system) = 3. Net Returns = gross revenue-total costs. In the EMM table, letters indicate significant differences between systems (Tukey HSD
mean comparisons; P < 0.05) and P-values indicate significance differences between tillage treatments within each system. The highest revenue and returns are shown in bold.

TABLE 4 Year-to-year variability (SD, standard deviation) and 75%

reduced in all three systems, so reducing tillage may increase
lower confidence limits (L) for net returns in each tillage x system Y ’ & & Y

treatments. system risk.

The four organic systems demonstrated different
System Tillage SD L sensitivities to organic price premiums (Figure 4). Regardless
CNV FT $18,025 ~$1,797 of organic price premiums, the FT-MNR and RT-MNR
RT $18.047 _$7214 treatments generated higher net returns than the FT-CNV and
RT-CNV treatments. For the FT-LEG and RT-LEG treatments,
LG T 830474 SI7194 organic price premiums would have to drop over 56 or 41%,
RT $32,195 $6,331 respectively, for net returns to drop below the returns of the

MNR FT $40,457 $29,497 FT-CNV treatment.

RT $40,372 $24,011

4. Discussion

however, did not significantly differ between tillage treatments

(Figures 3C, D). We expected lower crop vyields under reduced-till

management but the corresponding reduction in management
costs would more-than-compensate for decreased revenues on
3.4. Risk and sensitivity analysis the representative farms. Although field operation and labor
costs were lower under reduced-till management, these cost

Year-to-year variability (SD) and risk (L) differed for the savings did not over-compensate for decreased revenue and
three farming systems, but reducing tillage had a much smaller did not lead to significantly higher net returns. The MNR
effect on year-to-year variability of net returns. Regardless of system supported the most days of continuous living cover
tillage practices, CNV management was the most stable, as and was the overall most profitable system, but reducing tillage
year-to-year variability in net returns was 41-55% lower than did not appreciably affect management costs, gross revenues,
that of the organically managed farms (Table 4). Despite high or net returns for the representative RT-MNR farms. For
year-to-year variability in net returns, however, organic farms the representative CNV and LEG farms, reducing tillage did
were lower-risk options. All four organic farms had positive negatively affect overall gross revenues (—10% in CNV, —13%
values for 75% lower risk limits while the two conventional in LEG), which drove down gross revenues compared to the
farms had negative values (Table 4). Lower risk limits were FT-CNV and FT-LEG treatments.
higher under organic management because high cumulative net For the CNV system, reducing tillage marginally reduced
returns compensated for high year-to-year variability. Values for maize yields. RT systems often require co-adoption of high
75% lower risk limits were consistently lower where tillage was residue retention (Pittelkow et al., 2015) and/or continuous

Frontiersin Sustainable Food Systems 10 frontiersin.org


https://doi.org/10.3389/fsufs.2022.1004256
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Pearsons et al.

$60k

S s40k

2 System
@

g = CNV

5 $20k PEQ

[}

4 =— MNR

3

Z S0k -

0% 25% 50% 75% 100%
Percentage of Organic Premium

FIGURE 4
Sensitivity of net returns (NR) to changes in organic price
premiums from 0 to 100% (0% = conventional prices, 100% =
organic prices). Trends for each treatment: NRgr_cny = $10,351;
NRrT_cny = $4,950; NRer_1eg = —$11,020 + $48,753[%];
NRrT_LeG = —$14,828 + $42,858[%]; NRer_mnr = $15,350 +
$41,416[%]; NRrT_mnR = $12,369 + $38,853(%].

living cover provided by winter cover crops (Marcillo and
Miguez, 2017) to maintain high maize yields. As noted in the
methods section, the RT-CNV treatment only had living cover
for an average of 8.4 months of the year. Compared to the
RT organic systems, this left an additional 2 months without
living cover-a higher risk for erosion, nutrient loss, and missed
opportunities to build soil health (Dabney et al., 2001). The LEG
system, despite supporting continuous living cover for over 10
months of the year, did not support robust crop growth and
high yields (Pearsons et al., 2022). The low-input design of the
LEG system did help minimize fertility costs, but such low inputs
significantly limited crop productivity. In past assessments of the
FST, the LEG system was able to support comparable yields to
the CNV system (Hanson et al., 1997), but decades of relying
on biological N fixation may have limited long-term N, P, and K
availability in this low-input system (Reimer et al., 2020).

Like with gross revenues, overall costs were notably lower
in the RT-CNV and RT-LEG treatments compared to their
FT counterparts. These cost savings, however, were smaller
than hypothesized, sitting around 5%. In the CNV system,
input costs accounted for a greater proportion of total costs
(37%) than field operations and labor (18% of total costs).
Eliminating tillage operations in the RT-CNV treatment reduced
field operation and labor costs by 16.3% but did not have a
substantial effect on herbicide use, seed inputs, or inorganic
fertilizer inputs. Reducing tillage may have even small effects on
conventional management costs in future years, as herbicide-
resistant weeds (Reddy and Norsworthy, 2010) and emerging
nutrient deficiencies (Elkin et al., 2016) drive up input costs
relative to field operations and labor, but only if these costs
outpace rising labor and fuel costs (White et al., 2019).

For the LEG system, input costs accounted for a smaller
proportion of total costs (23%) than field operations and labor
(25%), which presented a greater opportunity for reducing
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tillage to affect total management costs. Indeed, despite fewer
opportunities to reduce tillage compared to the CNV system
(15-30% of planting events), the associated field operation and
labor cost savings of reducing tillage (—22%) had a slightly
greater effect on total costs (—6%) under LEG management.

Due to the multiyear hay phase of the MNR crop rotation,
tillage intensity in the FT-MNR treatment was more similar to
the RT-LEG treatment than the FT-LEG treatment. This meant
there were fewer opportunities to further reduce tillage in the
RT-MNR treatment, and therefore fewer opportunities for costs
to differ between the MNR treatments.

Despite lower overall costs for the two organic systems, field
operation and labor costs were notably higher compared to the
conventional system. Most of these additional field operation
and labor costs were associated with cover crop establishment.
Although cover crops can provide numerous agronomic and
environmental benefits, the added costs to establish cover crops
may be a barrier to adoption (Roesch-McNally et al., 2018).
Unlike cover crops, adding perennial crops to a cropping system
(e.g., hay in the MNR system) can increase continuous living
cover and inherently reduces tillage activity, without the added
cost of cover crop seeds or no-till specific equipment (e.g.,
no-till planters, roller-crimpers, and high residue cultivators).
Perennial hay production also reduced labor costs and crop seed
costs across the MNR rotation. High hay yields and value helped
drive the MNR system’s profitability, and years of continuous
living cover likely supported the high maize, soybean, and small
grain yields in the MNR system. As long as farmers have the
equipment, time, and interest in hay production (Olmstead and
Brummer, 2008), perennial hay production can be a valuable
addition to organic and conventional farming systems.

This perennial hay production, however, meant the MNR
crop rotation presented fewer opportunities to further reduce
tillage compared to the rotations used in the CNV and LEG
systems. Overall, net returns in the MNR treatments were
more reflective of overall lower costs associated with organic
production, manure fertilization, high organic premiums, and
high hay yields rather than tillage practices. Strategies to reduce
tillage may be best applied to crop rotations which present
more opportunities to reduce tillage, such as simple maize-
soybean rotations. Efforts to reduce tillage in more diverse
organic rotations (i.e., no-till planting cover crops, small grains,
and hay) would help to further reduce costs and increase benefits
of reducing tillage under organic management.

Regardless of tillage practices, the effect of organic
management on costs and net returns was largely consistent
with past economic analyses of the FST (Hanson et al,
1990, 1997), other long-term trials (Delate et al, 2003;
Chavas et al, 2009; White et al., 2019), and meta-analyses
(Crowder and Reganold, 2015; McBride et al., 2015). Generally,
field operations and labor costs are higher under organic
management, but lower inputs and high organic premiums offset
these added costs.
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From 1982 to 1984, seed costs, field operation, and labor
costs were higher for the LEG system compared to the CNV
system (by 23, 4, and 20%, respectively; Hanson et al., 1997),
while fertilizer and pest management inputs were only a factor
for the CNV system (The MNR system was not included in
this initial analysis; Hanson et al., 1997). While the magnitude
of these differences changed over four decades, seed costs, field
operation, and labor costs were still higher for the LEG system
(by 10, 21, and 75%, respectively) while fertilizer and pest
management inputs remained higher for the CNV system (by
67 and 96%, respectively). At the start of the FST overall costs
were about 18% lower for the LEG system compared to the
CNV system (Hanson et al., 1997). Decades later, overall costs
were still lower for the LEG system, but this cost advantage
had dropped to just over 10%. This decrease can partly be
attributed to the fertility and pest management inputs in the
LEG system but is mostly reflective of how rising fuel and
labor costs have a stronger impact on organic systems. Other
long-term trials have similarly observed how fertility inputs and
pest management drive up overall costs under conventional
management, despite higher field operation and labor costs
under organic management (Delate et al., 2003; Crowder and
Reganold, 2015; White et al., 2019).

Also consistent with the first economic assessment of the
EST (covering the first 9 years after establishment, 1981-1989;
Hanson et al., 1990; Roberts and Swinton, 1995), the low-
input LEG system continued to be a less risky option than
CNV management. In the initial analysis, the LEG system
was considered less risky because annual net returns were
more stable in the LEG system compared to the CNV system
(Hanson et al., 1990; Roberts and Swinton, 1995). After three
decades, net returns destabilized in the LEG system (greater
year-to-year variability), but higher prices for organic grain
meant the more variable, low-input, and lower-yielding LEG
system was still a lower-risk option compared to the CNV
system. With the highest annual net returns and highest lower
limit of net returns, the system with the most diverse crop
rotation-the MNR system-would be considered the least risky
option based on the safety-first method (Musser et al., 1981).
Other economic analyses have similarly concluded that organic
systems with long, diverse crop rotations can be lower risk
than conventionally managed systems (White et al, 2019).
Although high crop diversity will usually increase the year-to-
year variability of costs and gross revenues, high diversity can
help buffer against fluctuating crop prices and crop failures.

The most notable difference between the first economic
assessment of the FST and this current one is how price
premiums affect organic system returns. In the first economic
assessment of the FST, the LEG system generated similar net
profits as the CNV system, without organic price premiums
(Hanson et al., 1997). With the decreased cost advantage (from
18 to 10%) and lower yields compared to the CNV system,
the LEG system became reliant on organic price premiums.
As demonstrated by the sensitivity analysis, however, both the
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FT-LEG and RT-LEG treatments would remain competitive
unless price premiums were reduced by over 56 or 41%,
respectively. Additionally, the MNR system generated similar
or higher net returns as the CNV system, regardless of price
premiums. Similar studies and meta-analyses have found that
organic systems can be profitable at lower price premiums as
long as crop yields are supported by sufficient fertility inputs
and timely pest management (Delate et al., 2003; Crowder and
Reganold, 2015; White et al., 2019).

4.1. Implications for farmer
decision-making

For reducing tillage to positively affect net returns, reduced-
till strategies must substantially decrease input costs or
increase gross revenue. High input costs (seeds, fertility, and
pest management) can overshadow the economic benefits
of reducing tillage in conventional systems, whereas limited
opportunities to reduce tillage can overshadow the economic
benefits of reducing tillage in diverse organic systems. With no
significant negative effect on overall crop yields, net returns, nor
overall economic risk, the decision to reduce tillage will likely
depend on farmers’ capital, labor availability, or non-economic
factors such as soil conservation.

Grain farmers are often limited by capital (Baumgart-Getz
etal, 2012; Roesch-McNally et al., 2018), which can incentivize
practices that reduce overall input and operation costs, even
if those practices have limited effects on yields or profits. As
reducing tillage did not affect net returns or overall yields, the
lower operation and labor costs of the RT-CNV and RT-LEG
treatments could be an incentive for both conventional and
organic producers to reduce tillage. Other studies have found
similar cost-related benefits of reducing tillage in conventional
systems, especially as rising fuel costs have led tillage and
cultivation operations to account for a growing proportion
of overall production costs (Chavas et al., 2009; White et al,
2019). Limited capital, however, could also be a significant
barrier for farmers to lease or purchase the equipment needed
to reduce tillage (e.g., no-till planter, roller crimper, and high
reside cultivator).

Although labor accounted for <5% of total costs, labor can
play a disproportionate role for farmers that rely on off-farm
income (Lee and McCann, 2019). For farms of similar size to the
theoretical farms in this economic analysis (54 ha), most labor
is provided by farmers who have primary occupations beyond
farming (for farms between 40 and 56 ha, <25% used hired
labor and 61% of operators spent more than half of their time
earning off-farm income; NASS, 2019). Farmers that rely on off-
farm income may be inclined to adopt practices that reduce labor
inputs, such as reduced-till production. Reduced-till organic
management could provide a less labor-intensive option for
conventional farmers interested in transitioning to organic
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production, which is consistently shown to have higher labor
requirements compared to conventional production (Hanson
et al.,, 1990, 1997; Delate et al.,, 2003; Crowder and Reganold,
2015; White et al., 2019). Additionally, conventional farmers that
are interested in organic production but do not want to move
away from RT practices (Smith et al., 2011) may be encouraged
by the overall lower costs and similar net returns between the
RT and FT organic systems. The high profitability (net returns)
of the MNR system especially indicates that manure inputs in
combination with continuous living cover (perennial hay) into
long and diverse crop rotations may be the most profitable
production strategy from the FST. The similarity between yields
in the CNV system and county averages (CNV ¢jative = 1.04
=+ 0.06) indicate that the conditions of the FST experiment are
representative of how these systems would perform at a larger
scale in the mid-Atlantic region, so it follows that similar yields
could be achieved on farms modeled after the RT-MNR system.

4.2. Conclusion

Overall, this updated economic analysis of the FST
reinforces findings that organic field crop production can be
economically favorable compared to conventional field crop
production. Although reducing tillage does not appear to affect
the profitability of organic field crop production, there are clear
long-term economic benefits for grain farmers to transition to
organic production. The decision to also reduce tillage, however,
will depend on the specific goals and resources of an individual
farmer and may be driven more by prospects of improved soil
health rather than economics (Zikeli and Gruber, 2017). As
price premiums were not the only driver of high profits in the
MNR system, conventional farmers and organic farmers alike
may be encouraged to adopt some of the conservation-based
practices employed in this organic system-long and diverse
crop rotations, continuous living cover, and organic fertility
inputs-in pursuit of more environmentally and economically
sustainable agriculture.
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