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Abstract: Kernza® intermediate wheatgrass [IWG; Thinopyrum intermedium (Host) Barkworth &
Dewey] is a novel perennial cool-season grass that is being bred for use as a dual-purpose grain and
forage crop. The environmental benefits of perennial agriculture have motivated the development of
IWG cropping systems and markets for perennial grain food products made with Kernza, but the
economic viability and environmental impact of IWG remain uncertain. In this study, we compared
three-year cycles of five organic grain production systems: an IWG monoculture, IWG intercropped
with medium red clover, a continuous winter wheat monoculture, a wheat–red clover intercrop, and
a corn–soybean–spelt rotation. Economic and environmental impacts of each cropping system were
assessed using enterprise budgets, energy use, greenhouse gas (GHG) emissions, and emergy indices
as indicators. Grain and biomass yields and values for production inputs used in these analyses
were obtained from experimental data and management records from two separate field experiments
conducted in New York State, USA. Grain yield of IWG averaged 478 kg ha−1 yr−1 over three years,
equaling approximately 17% of winter wheat grain yield (2807 kg ha−1 yr−1) over the same period.
In contrast, total forage harvested averaged 6438 kg ha−1 yr−1 from the IWG systems, approximately
160% that of the wheat systems (4024 kg ha−1 yr−1). Low grain yield of IWG greatly impacted
economic indicators, with break-even farm gate prices for Kernza grain calculated to be 23% greater
than the current price of organic winter wheat in New York. Energy use and GHG emissions from the
IWG systems were similar to the annual systems when allocated per hectare of production area but
were much greater when allocated per kg of grain produced and much lower when allocated per kg
of biomass harvested inclusive of hay and straw. Emergy sustainability indices were favorable for the
IWG systems due to lower estimated soil erosion and fewer external inputs over the three-year crop
cycle. The results show that the sustainability of IWG production is highly dependent on how the hay
or straw co-product is used and the extent to which external inputs can be substituted with locally
available renewable resources. Integrated crop–livestock systems appear to be a viable scenario for
the adoption of IWG as a dual-use perennial grain and forage crop.

Keywords: Kernza® perennial grain; enterprise budgets; energy analysis; greenhouse gas emissions;
emergy evaluation

1. Introduction

Ecological intensification of agriculture through the redesign of agroecosystems to
replace external inputs (e.g., fertilizers and pesticides) with supporting and regulating
ecosystem services has been proposed as a solution to the entwined challenges of providing
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food security for the growing human population while simultaneously protecting natural
capital and adapting to climate change [1,2]. Increasing the amount of perennial crops in
agroecosystems can enhance many ecosystem services, including diversification of crop
products and associated revenue streams, improved soil, air, and water quality, enhanced
wildlife habitat, and increased resilience to climate change and extreme weather events [3].
Perennial grains have especially been touted as environmentally sustainable alternatives
to annual grain crops such as wheat, barley, rye, and rice that represent greater than 70%
of global food production [4,5]. Research on perennial grains has emphasized breeding
and agronomic management, however, and many perceived or potential environmental
and economic benefits of perennial grain cropping systems have yet to be rigorously docu-
mented. Tradeoffs have been documented between perennial crop productivity, longevity,
and water-use efficiency [6,7] and it is possible that other substantial tradeoffs exist between
different components of economic and environmental sustainability for perennial grains.

Intermediate wheatgrass [Thinopyrum intermedium (Host) Barkworth & Dewey; here-
after IWG] is a rhizomatous, cool-season perennial grass introduced to North America for
use in pastures and forage production [8]. Varieties of IWG selected for grain yield are
being developed using traditional and genomic breeding techniques, with rapid advance-
ment in many agronomic traits [9,10]. Concurrently, field trials are providing information
on IWG physiology and grain yield potential, crop and cropping systems management,
and ecosystem services provided by IWG grown as a perennial grain [11–17]. As of 2019,
the commercial production of IWG grain, sold under the trademarked brand ‘Kernza’,
has begun in Midwestern states and broader efforts to build market infrastructure are
underway [18]. Throughout this paper IWG is used to refer to the crop plant, while Kernza
refers to grain from specific IWG cultivars derived from The Land Institute’s breeding
program and sold under the Kernza trademark.

The perennial nature of IWG increases both the number of functions that the crop can
provide in an agroecosystem and the management complexity of the system [19]. Much
of the demand for Kernza grain has focused on organic production [20], partly because of
the organic certification’s alignment with the other environmental sustainability attributes
of the crop but also because there are currently no pesticides registered for use in Kernza
production [21]. Managing IWG crops for dual-purpose production of both grain and forage
has been identified as a way to reduce the economic disadvantage of low IWG grain yields
relative to annual small grain crops [22]. Management strategies can also prioritize the
enhancement of other agroecosystem functions, such as soil health regeneration, nitrogen
fixation, or pest suppression, by rotating IWG with annual crops, strategically locating IWG
stands in areas prone to soil erosion and runoff, or growing IWG in polyculture with forage
legumes [23,24]. Red clover (Trifolium pratense L.) is frequently interseeded with annual
small grains in organic cropping rotations in the Northeastern United States to provide
nitrogen fixation, microclimate regulation, and weed suppression [25,26], and IWG–red
clover intercrops have been found to produce more and higher quality forage than IWG
monocultures [27].

Multi-criteria assessment is a useful tool for developing management strategies and
tactics in agricultural systems where maximizing crop yield or profitability is not the sole
management objective [28–30]. Trends in cereal grain production, including the adoption
of alternative crops and diversified cropping systems, are driven by economic, social,
and policy factors that influence risk management and perceived benefits to farmers [31].
Farmers’ reported motivations for growing perennial grain crops such as IWG include
profitability, improved soil health and water quality, reduced reliance on purchased inputs,
improved weed management, and the ability to graze livestock or produce forages [20,32].
Demand for Kernza grain for both small-scale artisan products (e.g., craft brewing, artisanal
bakeries, and local restaurants) and large-scale consumer packaged goods (e.g., Cascadian
Farms’ toasted Kernza flakes breakfast cereal) has been driven by the crop’s perceived
environmental benefits [18]. Providing farmers with information on crop productivity
benchmarks, possible market prices for Kernza grain, and the magnitude of environmental
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impacts of IWG cropping systems will allow them to make more informed decisions about
the risks and benefits of adopting IWG as a grain crop. This information will also be
useful for developing policy and financial incentives for perennial crop production that
account for environmental impacts. In the context of these competing motivations for
IWG production, multi-criteria assessment of the agronomic, economic, and environmental
characteristics of the crop will facilitate the development of management recommendations,
supply chains, and markets.

While assessing the effects of management decisions on agronomic productivity, that is,
grain and forage yields, is a critical step in the development and adoption of IWG cropping
systems, it is also important to consider the impact on other indicators of sustainability, such
as profitability, energy use, and greenhouse gas (GHG) emissions. Enterprise budgets and
sensitivity analysis are commonly used tools for assessing the impact of farm management
alternatives on profitability, allowing for the efficient allocation of resources to achieve
economic objectives [33]. Energy analysis evaluates a production system’s energy efficiency
by accounting for the direct (e.g., fuels and electricity used on-farm) and indirect (e.g.,
energy used in the production and transportation of crop seed, fertilizers, and other inputs)
sources of energy used to generate crop products [34]. The quantification of GHG emissions
is often included in energy analyses due to the impact of fossil fuel consumption on
global climate change [35]. Emergy evaluation is an environmental accounting system
that compares the sustainability of production systems based on the embodied energy
contained in inputs and thus contributed to the production of goods and services by the
system [36]. The emergy method goes even further than energy analysis in accounting for
indirect sources of energy by quantifying both the economic and environmental inputs to a
production system, thereby emphasizing environmental impacts and the externalities that
arise from overreliance on economic indicators [37]. By assessing IWG relative to other
annual cropping systems using the various indicators that are generated by these multiple
analyses, a more holistic view of the potential benefits and drawbacks of IWG production
can be developed.

The objective of this study was to perform a multi-criteria assessment of the agronomic
productivity, economic profitability, and environmental sustainability of IWG grown for
dual-use grain and forage production under organic management. The effects of inter-
cropping medium red clover with IWG and annual winter wheat on crop productivity
were measured in a field experiment conducted in the Finger Lakes region of New York
State, USA. Empirical data from this experiment comparing IWG and wheat production
systems and a separate field experiment on organic grain crop rotations conducted in
the same region were also used to compare IWG to continuous winter wheat and corn–
soybean–spelt cropping systems, using several indicators of economic and environmental
sustainability. Enterprise budgets were created to estimate production costs and revenues
based on management records from the two field experiments and aggregate data on crop
and input prices from the US Department of Agriculture and other sources. Due to a
lack of reliable prices for IWG grain (i.e., Kernza) as market infrastructure develops, the
economic indicators assessed were break-even prices for IWG grain, after accounting for all
production costs and revenue from hay or straw sales, and grain prices that would allow
the net present value (NPV) of the IWG cropping system to match that of the annual grain
cropping systems. Environmental impact was assessed using the Farm Energy Analysis
Tool to estimate farm energy use and greenhouse gas emissions from each cropping system
and using the emergy method to calculate indicators of whole-system sustainability. This
work represents the first time that these methods have been used to integrate multiple
indicators of the economic and environmental sustainability of IWG production.

2. Materials and Methods

The agronomic, economic, and environmental indicators reported in this study were all
calculated from empirical data from two separate field experiments. Break-even prices for
Kernza grain, energy use, GHG emissions, and whole-system sustainability indicators were
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calculated in Microsoft Excel (Microsoft Corporation, Redmond, WA, USA) using enterprise
budgets, the Farm Energy Analysis Tool, and the emergy methods as described in detail
below. This approach has both advantages and disadvantages. All the indicators reported
represent static values that allow for robust, but relative, comparisons between the cropping
systems that were evaluated in the context of the economic and agronomic conditions when
and where the field experiments were conducted. This may limit the comparability of
the results reported in this paper with indicators of sustainability calculated for different
cropping systems, under different conditions, or using different methods. This approach
has the advantage, however, of providing multiple metrics that highlight the relative
strengths and weaknesses of IWG production systems relative to the annual grain cropping
systems grown in the region.

Both field experiments were conducted at the Cornell Musgrave Research Farm,
Aurora, New York, USA (42.7222 N, 76.6636 W). The soil types at the site are Honeoye
and Lima series silt loams with average pH of 7.5 and 3.2% organic matter. Mean annual
temperature was 9.1 ◦C and mean annual precipitation was 918 mm based on the 1981–2010
NOAA 30-year climate averages for this site [38].

2.1. IWG and Wheat Systems

The main experiment informing the analyses in this paper was conducted between
2016 and 2019 to compare perennial and annual small grain cropping systems. Annual
temperature was higher than the 30-year average, and precipitation varied during the
experiment, with substantial droughts occurring in 2016 and 2018 (Figure 1). The exper-
iment was a split-plot randomized complete block design with four blocks. Main plot
treatments were Kernza IWG and hard red winter wheat (cv ‘Warthog’). IWG seed was
obtained from a breeding population after the third cycle of selection for increased seed
size and yield per plant [10]. Split-plot treatments were interseeded medium red clover
and a no-clover control.

Field operations included primary and secondary tillage, fertilizer application, plant-
ing, harvesting, and post-harvest straw management for all plots (Table 1). Seedbed
preparation for the experiment included moldboard plowing followed by disking and
cultipacking. A false seedbed was used to manage weeds prior to crop seeding by allowing
two weeks for weeds to germinate between primary tillage on August 16 and secondary
tillage, fertilization, and seeding operations on 30 and 31 August. Both grain crops were
planted on 31 August 2016 using a John Deere 1590 grain drill (John Deere US, Moline, IL,
USA) with 19 cm row spacing. The seeding rate for IWG was 16.8 kg ha−1, and seeding
depth was 1.25 cm, whereas the seeding rate for wheat was 107.6 kg ha−1, and seeding
depth was 2.5 cm. Red clover seed was frost-seeded in March of 2017 by broadcasting into
subplots of both the IWG and wheat treatments at a seeding rate of 22.4 kg ha−1.

Soil and crops were managed organically according to the USDA National Organic
Program regulations; however, the field was not certified organic. All purchased seed
was certified organic, approved fertilizers were utilized, and no prohibited inputs were
applied. Composted chicken manure (5-4-3, Kreher Family Farms, Clarence, NY, USA)
was broadcast at a rate of 900 kg ha−1 in both autumn and spring of each year, with the
goal of applying 90 kg N ha−1 annually to approximate agronomically optimum N rates
for IWG [14]. Grain was harvested immediately after quadrat sampling each year (details
below), and crop residues above 10 cm in height were flail chopped and removed one to
two weeks after grain harvest of each crop. In 2017 and 2018, wheat was re-planted in
the same plots in mid-September. Continuous winter wheat crops are not typically grown
commercially in New York, but this simplified annual small grain cropping system was
selected to evaluate the effects of continuous cropping and to standardize the comparison
with the perennial IWG system. Seedbed preparation for replanting was the same as in
2016. Red clover was reseeded in both the IWG and wheat plots in March 2018 but was
only reseeded in wheat plots in March 2019 due to vigorous clover growth in IWG plots
in 2018.
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New York, USA between 2016 and 2019.

Table 1. Schedule of field operations for IWG and wheat production systems between 2016 and 2019
in Aurora, New York, NY, USA.

Field Operation Equipment Used 2016 2017 2018 2019

Primary tillage Moldboard plow Aug 16 - - -
Fall fertilizer application Drop spreader Aug 30 Sep 13 Sep 13 -

Secondary tillage and planting Disk harrow, cultipacker, grain drill Aug 31 Sep 14 Sep 14 -
Frost seeding red clover None (broadcast by hand) - Mar 29 Mar 22 Mar 19 1

Spring fertilizer application None (broadcast by hand) - Apr 19 Apr 20 Apr 25
Wheat grain and straw harvest Plot combine, flail chopper - Jul 19 Jul 11 Jul 15
IWG grain and forage harvest Plot combine, flail chopper - Aug 9 Aug 15 Aug 23

1 Red clover was frost-seeded in 2019 into wheat plots only.

Agronomic data were collected from the IWG and wheat experiment in 2017, 2018, and
2019. Two 0.5 m2 quadrats were sampled in each subplot at crop maturity, which varied by
grain crop. Plot edges were avoided. Within each quadrat all crop plants were clipped at
the soil surface and separated into seedheads and stems. All clover plants larger than 2.5 cm
in diameter or height were also harvested at the same time as the crop harvest. Biomass
from the two quadrats per subplot was then combined into a single sample representing
1 m2 of area. Biomass samples were dried for at least five days at 65 ◦C before weighing.
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Seedheads were weighed intact, threshed, and dehulled using a hand deawner/debearder
(Hoffman Manufacturing Inc., Corvallis, OR, USA) and reweighed as naked seed. All IWG
and wheat yield estimates were normalized to a 13.5% moisture content. For more detail
on the management and agronomic data collection for the experiment comparing IWG and
wheat, see Law et al. [15].

2.2. Corn–Soybean–Wheat Cropping System

Data from a separate, earlier field experiment described by Caldwell et al. [39] were
used to create enterprise budgets and perform sustainability analyses for a corn–soybean–
spelt cropping system that is representative of systems commonly used by organic cash
grain farmers in upstate New York. This experiment was initiated in 2005; however, the
crop management and productivity data used in this study were collected between 2008 and
2010, representing the first full corn–soybean–spelt rotations after the three-year organic
transition period. Field operations included annual primary and secondary tillage for
seedbed preparation, planting, one to three tine weedings and one to four cultivations
per year, fertilizer applications in the corn and spelt years, harvesting, and mowing of
crop residues. Crops were harvested with a combine (Case IH 1644, Grand Island, NE,
USA) that recorded weight and percent moisture of the grain for each plot. Grain yields
were standardized to 15% moisture for corn and 13% moisture for soybean and spelt. The
data reported here are from the ‘High Fertility’ treatment that applied 2 Mg ha−1 poultry
manure in addition to incorporation of a red clover green manure before a corn and variable
application of compost and commercial organic fertilizers to meet recommended rates for
soybean and spelt based on measured soil nutrient availability. This system represented
the typical organic fertility management practices for corn used by local farmers at the time
these data were collected. For more detailed information on management practices and
data collected in this experiment, see Caldwell et al. [39].

2.3. System Boundaries, Assumptions, and Input Definitions

All five cropping systems (IWG monoculture, IWG–red clover intercrop, winter wheat
monoculture, wheat–red clover intercrop, and corn–soybean–spelt rotation) were evaluated
using a cradle-to-farm gate boundary. The analyses assume that on-farm processing was
limited to grain drying and hay baling, and all crops were sold as commodities and
transported by the buyer. Inputs to cropping systems included grain crop and clover
seed, poultry litter, diesel fuel, machinery, labor used for field operations, energy used for
grain drying, land, and natural resources (soil, sun, wind, and rain) necessary for crop
production. Values for these inputs were calculated using management logs from each of
the two experiments, except for frost-seeding of red clover and spring fertilizer applications,
which were carried out by hand for individual plots in the experiment but were calculated
as if they had been performed with a drop or spinner spreader across a full field. Fuel
consumption and labor hours used in enterprise budgets and emergy calculations are based
directly on values recorded during field operations by the researchers, while values for
these inputs used in the energy and GHG analyses were calculated using the Farm Energy
Analysis Tool (FEAT) model [35]. Soil erosion was estimated to average 2.8 Mg ha−1 yr−1

for IWG and 6.7 Mg ha−1 yr−1 for the wheat and corn–soybean–spelt systems, based on
values from Nearing et al. [40]. In all years for the annual systems and in the establishment
year of IWG, erosion was estimated using 2012 values for cultivated cropland in the USA,
while erosion for IWG in the years after establishment was estimated using values for
Conservation Reserve Program land planted with perennial vegetation. Values for other
farm infrastructure, management, and overhead were not included in the analyses. While
the corn–soybean–spelt data were collected between 2008 and 2010, prices for inputs and
crop sales for all systems were based on conditions between 2016 and 2019 when the IWG
and wheat experiment was conducted to allow for equal comparisons between all systems.
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2.4. Enterprise Budgets

Enterprise budgets were developed for all five cropping systems based on measured
grain and straw yields and purchased inputs. All returns were calculated on an NPV basis
with a 5% annual discount rate starting in 2017. An opportunity cost equal to 5% of the
annual production costs was included to account for alternative uses of capital. Organic
grain and hay prices were calculated using aggregate farm sales data from USDA National
Agricultural Statistics Service reports [41]. Intermediate wheatgrass biomass at harvest
was considered to be a fair quality hay based on typical forage quality of IWG from The
Land Institute’s breeding program [27] and USDA Hay Quality Designation Guidelines.
Wheat straw prices were obtained from weekly Pennsylvania hay auction reports [42]. Field
operation costs were based on 2018 Ohio farm custom rates, which account for machinery,
labor, and fuel costs [43]. Costs for wheat, corn, soybean, clover seed, and organic fertilizers
represent typical prices paid by researchers and so may be conservative estimates relative to
the costs to farmers who may receive discounts for bulk purchases. The price of registered
Kernza IWG seed was obtained from colleagues at The Land Institute and is representative
of cost to farmers. Land rental costs for New York were obtained from USDA survey
data [44].

Several Kernza grain price estimates were calculated based on comparisons to the
annual cropping systems and scenarios that varied IWG grain and forage yields or wheat
grain and straw prices. Break-even Kernza grain prices were calculated by equating total
revenues for grain and hay to total production costs. Comparisons were made to the
wheat–clover and corn–soybean–spelt systems by varying the Kernza grain price to match
the NPV of the IWG system to those systems. Sensitivity analysis of the effect of variation
in IWG grain and forage yields on Kernza grain price was conducted using a range of crop
production values from on-farm trials in New York and published agronomic research
on IWG. This analysis used the NPV of the corn–soybean–spelt system, representing a
likely alternative agricultural land use, as the benchmark for calculating Kernza grain price.
Sensitivity analysis was also conducted on the influence of wheat grain and straw prices
on the Kernza grain price required to match the NPV of the wheat–clover system. In this
analysis, the IWG hay price was matched to hypothetical wheat straw prices to simulate
high- and low-value markets for animal feeds.

2.5. Energy Use and Greenhouse Gas Emissions

Energy use and greenhouse gas emissions were estimated for each cropping system
using the Farm Energy Analysis Tool, a database model implemented in MS Excel (FEAT;
model available to download at https://www.ecologicalmodels.psu.edu/agroecology/
feat/, accessed on 27 January 2022) [35]. The FEAT model has previously been used to eval-
uate the impacts of management decisions on organic grain and dairy production systems
in the northeastern United States [34,45]. This analysis was conducted with a version that
was parameterized to account for the recycling of animal wastes as fertilizers in organic
cropping systems [34]. Production inputs and crop yields from the two field experiments
were used to define the five cropping systems in the model. Direct energy use and GHG
emissions were calculated for fuel and labor used in field operations, transportation of
inputs to the farm, grain drying, and emissions from fertilizer applications and crop residue
decomposition. Intergovernmental Panel on Climate Change Tier 1 methods were used
to estimate N2O emissions [46]. Indirect sources of energy use and GHG emissions were
calculated for the production of all material inputs, including seed, poultry litter, fuel, and
farm machinery. In most cases, inputs were converted to energy and GHG emission values
using default conversion factors included in the FEAT model that represent averages of val-
ues reported in the literature. Intermediate wheatgrass seed energy was based on measured
values for forage grass seed [47]. Machinery weights, fuel use, and labor requirements
for granular fertilizer application, broadcast seeding of red clover, and complete forage
harvest were parameterized using information from extension publications cited in the
original model [47–49]. Energy use and emissions were allocated to production using three

https://www.ecologicalmodels.psu.edu/agroecology/feat/
https://www.ecologicalmodels.psu.edu/agroecology/feat/
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methods: per hectare of cropland, per kg of harvested crop biomass, and per kg of grain
yield. Different allocations allow the comparison of the different cropping systems while
accounting for differences in crop yields and the impact of dual-use systems that produce
both grain and hay or straw as co-products.

2.6. Emergy Evaluation

The whole-system sustainability of the five organic cropping systems was assessed
using emergy evaluation, a method of accounting for the embodied energy utilized within
a production system [36]. All inputs necessary for production were estimated based on
management records for the two field experiments that included seeding and fertilizer
rates, labor, machinery, and fuel required for field operations, estimated annual soil erosion
rates, and values for solar radiation, precipitation, and wind observed at the research farm’s
weather station (Figure 2). Inputs were converted from their observed unit values to solar
emjoules (seJ), a standard unit of embodied energy, using unit emergy values reported
in the emergy literature (see Supplemental Tables S11–S15 for calculations and sources
of conversion factors). These emergy flows were each categorized as renewable local
resources, non-renewable local resources, or non-renewable imported inputs. In the context
of emergy evaluation, local indicates that a resource is obtained within the boundaries of
the system being evaluated, in this case the research farm where the field experiments were
conducted, while imported resources originate outside of the system. Renewable resources
are freely available from the environment and are self-regenerating within the time scale
of the evaluation. In this study, these included solar radiation, the chemical energy of
rain, and the kinetic energy of wind. Non-renewable local resources are available from the
local environment but do not regenerate within the time scale of the evaluation. In this
study, soil erosion was the sole emergy flow within this category. Non-renewable imported
resources, such as energy, goods, and services that are utilized in production, are obtained
outside of the system. Imported resources are typically considered non-renewable because
they represent feedbacks from the economy that are inherently limited [50].
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Figure 2. Emergy flow diagram for a typical grain production system.

Several emergy-based sustainability indicators were calculated based on these emergy
flows (Table 2). Specific Emergy is a relative indicator of a system’s production efficiency
as it represents the emergy expended to produce one unit of product, in this case grain and
hay or straw. Lower specific emergy indicates a more efficient use of inputs and is useful in
comparing systems that generate similar outputs, but it does not account for differences in
the sustainability of inputs. Thus, systems that substitute purchased and non-renewable
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inputs for locally available renewable resources may have lower Specific Emergies for
products but have a larger environmental impact. The Emergy Yield Ratio (EYR) is also
a relative indicator of production efficiency that is comparable to the concept of energy
return on investment, representing how efficiently a system is able to harvest local sources
of emergy per unit of imported emergy [51]. The Environmental Loading Ratio (ELR) is
the ratio of emergy flows from non-renewable and imported sources to the emergy flows
from renewable resources. The ELR indicates the relative level of environmental stress
that is created by a production system, accounting for the diffuse environmental impacts
of the processes needed to supply inputs that may occur at a variety of spatiotemporal
scales relative to the system [50]. An ELR greater than ten indicates a system that is highly
dependent on flows of non-renewable emergy, while an ELR less than one indicates a
system that is driven by locally available resources [52]. The Emergy Sustainability Index
(ESI) is the ratio of EYR to ELR, indicating the economic contribution of a product per unit
of environmental loading [50]. An ESI less than one indicates that a production system is a
net-consumption process that is driven by non-renewable, typically imported, inputs, while
an ESI greater than one indicates that a system contributes more emergy to the economy
than it consumes [52].

Table 2. Description of emergy-based sustainability indicators.

Emergy Indicator Abbreviation Equation 1

Specific Emergy - (R + N + F)/mass of product
Emergy Yield Ratio EYR (R + N + F)/F

Environmental Loading Ratio ELR (F + N)/R
Emergy Sustainability Index ESI EYR/ELR

1 R = subtotal of renewable emergy flows; N = subtotal of non-renewable local emergy flows; F = subtotal of
purchased or imported emergy flows (feedback from the economy).

2.7. Statistical Analysis

Statistical analysis of crop productivity indicators (i.e., yields) was conducted using lin-
ear mixed effects models in R statistical software version 4.1.0 [53]. Models were created for
grain yield, vegetative crop biomass, and red clover biomass using the ‘lme4′ package [54],
with crop species, intercrop, and year treated as fixed effects and block and main-plot
treated as random effects to account for plot and split-plot randomization. Assumptions
of normally distributed errors and homogeneity of variance were checked with Shapiro–
Wilk and Levene’s tests, respectively. Grain yields, crop biomass, and clover biomass
were log transformed to satisfy assumptions of normality. Treatment means reported for
these variables represent back-transformed estimated marginal means, calculated with the
‘emmeans’ package [55]. Post-hoc comparisons of means were conducted using Tukey’s
HSD as implemented in the ‘emmeans’ package. All statistical tests used α = 0.05 as the
threshold for significant effects.

3. Results and Discussion
3.1. Crop Yields and Economics

Large differences were observed between IWG and wheat crop productivity, with
wheat producing five times more grain than IWG over three years, while IWG produced
48% more total forage (the sum of IWG and clover biomass) on average during the same
period (Table 3). IWG grain yield declined six-fold between the first and second harvests,
then rebounded slightly at the third harvest, while IWG crop biomass increased 40% from
the first to third harvests. Wheat crop biomass decreased 31% from the first to the third
harvests. Wheat grain yield trended lower from year to year, but the differences were not
statistically significant (Table 3).
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Table 3. Results of ANOVA for crop productivity indicators. Hypothesis testing was performed on
log-transformed data, but back-transformed treatment means are presented.

Factor Level Grain Yield Crop Biomass Red Clover Biomass 1 Forage Yield 2

kg ha−1

Grain Crop IWG 478 b 3 5486 a 1413 a 6438 a
Wheat 2807 a 3828 b 411 b 4024 b

Intercrop Red
clover 1224 4675 911 5597 a

No clover 1097 4537 NA 4675 b

Year 2017 2039 a 5324 a 632 b 5653 a
2018 728 c 3463 b 1600 a 4230 b
2019 1033 b 5271 a 502 b 5541 a

Grain Crop x Year
IWG 2017 1212 a 5541 b 809 b 5943 b

2018 202 c 3866 b 3004 a 5597 b
2019 441 b 7785 a 425 b 8022 a

Wheat 2017 3429 A 5167 A 456 A 5378 A
2018 2644 A 3072 B 196 A 3165 B
2019 2416 A 3533 B 580 A 3866 B

Effect p-value
Grain Crop <0.001 0.0208 <0.001 0.0051
Intercrop 0.2533 0.6854 NA 0.0017
Year <0.001 <0.001 <0.001 <0.001
Grain Crop x Intercrop 0.7529 0.8853 NA 0.1680
Grain Crop x Year <0.001 <0.001 <0.001 <0.001
Intercrop x Year 0.0965 0.4079 NA 0.0416
Crop x Intercrop x Year 0.8084 0.4954 NA 0.4971

1 Red clover biomass is not reported for plots that were not interseeded. Any red clover collected in those plots
was considered a weed.2 Forage yields represent the sum of crop and red clover biomass. 3 Within a factor,
treatments sharing the same letter were not significantly different at α = 0.05. Simple effects for grain crop by year
interactions are reported, with lower- and upper-case letters indicating differences between years for IWG and
wheat, respectively. Bolded p-values are significant at α = 0.05.

Total grain yield averaged 478 kg ha−1 yr−1 for the IWG systems and 2807 kg ha−1 yr−1

for the wheat systems (Table 3). Grain yields for organic winter wheat were comparable
to the New York state average of 2684 kg ha−1 in 2019 [41]. First-year grain yields of
IWG of 1200 kg ha−1 in our experiment were at the higher end of the yields reported in
the literature, which range between 108 kg ha−1 [56] and ~1300 kg ha−1 [57]. In contrast,
IWG vegetative biomass production was relatively low compared with other published
research, with our highest value of 8412 kg ha−1 from a third harvest when intercropped
with red clover appearing similar to the lowest first harvest values reported in a recent
forage production study [22]. For a more thorough evaluation and discussion of crop yields
from the IWG and annual wheat systems, see Law et al. [15].

Grain yields for the corn–soybean–spelt rotation used in the economic and environ-
mental sustainability analyses averaged 10,755 kg corn ha−1, 2625 kg soybean ha−1, and
2535 kg spelt ha−1 across two full three-year rotations [39]. This corn yield is much higher
than the New York State average yield of 6923 kg ha−1 for organic corn in 2019 [41]. These
soybean and spelt yields are closer to the New York State averages of 2177 kg ha−1 for
organic soybean, and 2793 kg ha−1 for organic spelt in 2019 [41].

The break-even price for Kernza grain was USD 0.53 kg−1 when grown with inter-
seeded red clover and USD 0.64 kg−1 when grown in monoculture (Tables S1 and S2),
assuming straw could be sold at the statewide average for organic straw in New York [41].
Organic Kernza grain sold at USD 0.53 kg−1 would represent a price premium 23% higher
than the current price of USD 0.43 kg−1 for organic winter wheat in New York. IWG inter-
seeded with red clover had a lower break-even grain price due to greater hay production
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than IWG in monoculture, despite higher costs incurred for additional field operations and
clover seed (Figure 3). Kernza grain prices required for net returns of IWG production to
match the organic corn–soybean–spelt rotation were USD 1.23 kg−1 with red clover and
USD 1.32 kg−1 in monoculture.Sustainability 2022, 14, x FOR PEER REVIEW 12 of 26 
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Figure 3. Summary of enterprise budget analysis for three-year rotations for five organic cropping
systems: IWG intercropped with red clover (IWG-C), IWG with no clover (IWG-N), annual winter
wheat with (Wheat-C) and without red clover (Wheat-N), and a corn–soybean–spelt (C-S-Sp).

All values are in USD and represent net present value of annual revenues, production
costs, and income averaged over the three-year period and discounted 5% annually. Kernza
grain prices were calculated to match net income of the IWG systems to the corn–soybean–
spelt system, resulting in net returns of these three systems being equal. Tables S1–S5
represent full enterprise budgets for each system.

Sensitivity analysis was conducted to assess Kernza grain prices necessary to match net
returns from the corn–soybean–spelt and wheat systems. Varying scenarios for IWG grain
and forage yields were developed based on a range of published values [11,14,22,58,59]
then used to calculate grain prices if all costs and straw/hay prices were held constant
(Figure 4). Kernza grain prices ranged from USD 9.56 kg−1 for the lowest yields observed
during the first on-farm IWG grain production trials in New York [60] to USD 0.10 kg−1 if
both grain and forage yields were consistently at the highest values reported in the current
literature [11]. Kernza grain prices ranged between USD −1.44 kg−1 and USD 1.73 kg−1

under varying scenarios for wheat grain and straw prices (Figure 5). Negative Kernza grain
prices represented scenarios where the value of IWG forage was higher than the NPV of
the dual-purpose organic winter wheat system, which occurred when wheat grain price
was low, and straw/hay prices were high. These estimates are based on relatively high
market prices for organic grain, straw, and hay in the Northeastern United States.
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Figure 5. Sensitivity analysis of Kernza grain price calculated to match NPV of dual-purpose organic
winter wheat under varying wheat grain and straw price scenarios. Calculations assume that IWG
hay price is equal to wheat straw price to reflect the strength of the local market for animal feed and
bedding. Wheat grain and straw prices represent highs and lows observed in state- and national-level
USDA conventional and organic crop production surveys [39,40,59].

At the fair-quality organic hay price of USD 135 ton−1 (USD 122.50 Mg−1) used as
the current market benchmark in this study, approximately half of IWG cropping system
revenue is derived from grain sales and half from hay sales (Figure 3). Organic grains often
receive price premiums of 100% or more over conventional grains, while organic forages
may only receive a 30–50% premium [61]. This discrepancy will make it more difficult for
IWG to compete economically with organic grain crops as IWG’s lower grain yields are
further penalized while its high forage production is not rewarded. On the other hand,
New York was the state with the highest tonnage and value of farm sales of organic grass
(non-alfalfa) hays during the most recent national survey in 2019 [41]. Over 60,000 tons
of grass hays were sold by New York farmers in 2019 for a total of USD 8M, representing
21.5% of organic grass hay sales in the US. This high-value market for forages, the relatively
low cost of land, and the potential for integrated crop–livestock systems in dairy-producing
Northeastern states creates an ideal situation for introducing a dual-purpose grain and
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forage crop such as IWG. In comparison to an economic analysis of IWG forage production
in Minnesota, where the NPV of IWG straw alone was frequently higher than production
costs for both grain and forage [22], hay prices were higher and land costs lower in our
study. The economic prospects of dual-purpose IWG production could be further improved
by harvesting higher quality hay in the spring or fall. This strategy has been found to
increase total crop biomass and not affect grain yield potential the following growing
season relative to a control where the IWG forage was not harvested [59].

Changes in the yield or price of either co-product could also alter economic outcomes
considerably. For example, if an IWG stand consistently produced 1000 kg grain ha−1 yr−1

and 10,000 kg hay ha−1 yr−1 for three years, the grain price required to match the NPV of the
most profitable corn–soybean–spelt system would be USD 0.48 kg−1 (Figure 4). This would
represent a more modest price premium of 12% compared with organic winter wheat.

It is also noteworthy that the spelt year of the corn–soybean–spelt system had a net
negative cash flow (Supplementary Table S5), a loss that is justified by organic farmers in
light of the other services provided by the spelt. Specifically, at the field level added crop
diversity disrupts pest and pathogen populations and allows for an interseeded clover crop
to increase soil nitrogen availability for the following, higher value corn crop [39]. At the
whole-farm level, crop diversification is known to increase resilience to variable weather
patterns [62] and provides additional flexibility in farm management by distributing field
operations such as planting and harvesting across a longer period of the growing season [63].
IWG may provide similar benefits in rotation with other crops, and thus, there is the
possibility that farmers would be willing to grow IWG for lower grain and forage prices than
what is calculated here. This is supported by early adopters of IWG for grain production,
who acknowledge that IWG may be at a disadvantage compared to other crops if the farm’s
only goal is short-term profit but that they are also motivated by assuring a “balance” of
economic, management, and environmental goals across their farm in the longer term [20].

In our study, poultry litter represented about half of all production costs in the IWG
systems at USD 679 ha−1 yr−1 (Figure 3). In New York State poultry litter costs approxi-
mately 13 times more per kg N than synthetic fertilizers, which can inflate the production
costs of organic crops [64]. Use of less-processed and locally available animal manures,
especially those produced on-farm in integrated crop-livestock systems, could drastically
decrease this cost but may result in less precise levels of N application and possible overap-
plication of P. In a study evaluating a conventional South Carolina corn–soybean–wheat
rotation, using solely poultry litter for crop fertilization, resulted in a higher NPV than
synthetic fertilizers when litter was freely available on-farm, and the only associated cost
was handling and spreading, but this advantage disappeared when poultry litter needed to
be purchased for ~USD 150 ha−1 [65]. Nitrogen fixation by intercropped legumes can also
potentially reduce fertilizer costs in IWG production systems [66,67], but managing IWG–
legume mixtures requires further research for various desired outcomes (e.g., maximizing
grain or forage production, minimizing energy use or GHG emissions, or improving soil
health) to be optimized.

3.2. Energy Analysis

Total energy use ranged between 6220 MJ ha−1 yr−1 for the IWG monoculture to
8050 MJ ha−1 yr−1 for the winter wheat intercropped with red clover (Figure 6). Diesel fuel
and poultry litter were the highest energy inputs for all systems, but the relative importance
of these two inputs differed between the corn–soybean–spelt system and the four systems
from the perennial/annual comparison experiment (Figure 6). The corn–soybean–spelt
system, despite being considered a ‘High Fertility’ system, used 44% less poultry litter
as fertilizer than the other systems, due to nitrogen credits from the soybean and clover.
On the other hand, the corn–soybean–spelt system used 27% more diesel than the IWG
monoculture system that had the lowest fuel use, due to additional cultivation operations
to manage weeds during the corn and soybean years of the rotation. Only minor differences
were observed in energy used for the fewer field operations in the perennial IWG systems
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compared with the annual wheat systems, but differences in crop and clover seed energy
were substantial.

Sustainability 2022, 14, x FOR PEER REVIEW 15 of 26 
 

manage weeds during the corn and soybean years of the rotation. Only minor differences 
were observed in energy used for the fewer field operations in the perennial IWG systems 
compared with the annual wheat systems, but differences in crop and clover seed energy 
were substantial. 

The highest energy use value estimated was 8050 MJ ha−1 yr−1 for the wheat–clover 
intercrop, which is considerably less than the lowest energy use of 9217 MJ ha−1 yr−1 for a 
six-year organic crop rotation calculated using the same FEAT model [34]. The main dif-
ference between the organic cropping systems reported in Hoffman et al. [34] and our 
study was the number of field operations for seedbed preparation and weed management. 
For example, Hoffman et al. [34] included a total of seven additional disking and cultiva-
tion operations across their three-year corn–soybean–wheat rotation, representing a dif-
ference of 1907 MJ ha−1 yr−1 compared with the corn–soybean–spelt system analyzed in 
this study. These energy-use values are also lower than the United States national average 
of 8725 MJ ha−1 yr−1 for conventional wheat production [68]. 

 
Figure 6. Crop production energy-use comparison for five organic cropping systems. Scale of x-axis 
units varies by the three methods of allocating energy to production: unit of area basis (MJ ha−1 yr−1), 
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unit of crop biomass harvested basis (MJ kg crop biomass−1 yr−1), and unit of grain yield basis
(MJ kg grain yield−1 yr−1).

The highest energy use value estimated was 8050 MJ ha−1 yr−1 for the wheat–clover
intercrop, which is considerably less than the lowest energy use of 9217 MJ ha−1 yr−1 for
a six-year organic crop rotation calculated using the same FEAT model [34]. The main
difference between the organic cropping systems reported in Hoffman et al. [34] and our
study was the number of field operations for seedbed preparation and weed management.
For example, Hoffman et al. [34] included a total of seven additional disking and cultivation
operations across their three-year corn–soybean–wheat rotation, representing a difference
of 1907 MJ ha−1 yr−1 compared with the corn–soybean–spelt system analyzed in this
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study. These energy-use values are also lower than the United States national average of
8725 MJ ha−1 yr−1 for conventional wheat production [68].

The method of allocation had a large impact on the relative energy use of the five
cropping systems, with IWG having the largest differences between allocation methods
(Figure 6). When IWG was intercropped with red clover, it had the lowest energy use
per kg of harvested biomass, inclusive of grain and forages, the third highest energy
use per hectare, and by far the highest energy use per kg grain. Allocated per kg dry
biomass harvested, IWG intercropped with red clover required only 0.85 MJ kg−1 yr−1,
while the corn–soybean–spelt system required 1.45 MJ kg−1 yr−1 as crop residues were
not harvested in that system. In contrast, when allocated per kg of grain yield corrected to
market moisture levels, the corn–soybean–spelt system required 1.09 MJ kg−1 yr−1, and
the IWG–red clover system required 10.80 MJ kg−1 yr−1, a striking ten-fold difference in
energy use if grain is the sole output of the production system. These differences are clearly
driven by the low grain yields and high forage production of IWG, again highlighting the
importance of the dual-purpose use of the IWG crop.

3.3. Greenhouse Gas Emissions

Total greenhouse gas emissions followed the same pattern as energy use, ranging
from 963 kg CO2e ha−1 yr−1 for IWG monoculture to 1106 kg CO2e ha−1 yr−1 for wheat
intercropped with red clover (Figure 7). Emissions were dominated by direct emissions of
N2O from fertilizer applications, followed by direct emissions from fossil fuel combustion.
Indirect emissions from poultry litter and seed production also contributed considerably to
the totals for all systems. Crop residue decomposition was an important source of N2O
emissions in the corn–soybean–wheat system, but not for the dual-purpose IWG and wheat
systems where it was estimated that 90% of aboveground crop residues were harvested for
hay or straw. This difference is due to the choice of system boundaries as the N contained
within crop residues does not disappear after they are harvested; so, emissions related
to those products are externalized from the systems. IWG intercropped with red clover
has the lowest emissions per kg crop biomass harvested (0.12 kg CO2e kg−1 yr−1) and the
highest emissions per kg grain yield (1.56 kg CO2e kg−1 yr−1), while the corn–soybean–
spelt system again exhibited the opposite trend (0.23 kg CO2e kg−1 yr−1 with crop biomass
allocation; 0.20 kg CO2e kg−1 yr−1 with grain yield allocation). Full tables of inputs and
calculated energy use and greenhouse gas emissions are included in the supplementary
materials (Tables S6–S10).

The greenhouse gas emission estimates reported from this study are less than half the
emissions estimated by Hoffman et al. [34] for organic cropping systems in the northeastern
United States, partly due to fewer field operations but also because of differences in
emissions from crop residues. It appears that GHG estimates calculated using the FEAT
model are sensitive to how crop residue management is parameterized, a factor that should
be considered by others using the model to evaluate the sustainability of cropping systems.
Emissions from the wheat systems (0.353–0.381 kg CO2e kg grain−1 yr−1) were similar
to emissions of 0.4 kg CO2e kg grain−1 for wheat production in the Netherlands [69] and
Australia [70], suggesting that the values calculated in this study are reasonable estimates.
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and unit of grain yield basis (kg CO2e kg grain yield−1 ha−1 yr−1).

3.4. Emergy Evaluation

Emergy-based sustainability indicators for grain and forage production show that
all five systems have relatively low environmental impact due to their high reliance on
renewable resources and low amounts of external inputs. The chemical energy of rain was
the dominant emergy flow in all systems, followed by the emergy of organic fertilizers and
in the annual systems and soil erosion (Figure 8). Specific emergies for grain were highest
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in the IWG systems and lowest in the corn–soybean–spelt system due to differences in
grain yields (Table 4). An opposite trend was observed in specific emergies of straw or hay,
with the IWG systems having lower values than the wheat systems (Table 5). Crop residues
were not harvested in the corn–soybean–spelt system. The perennial IWG systems had
higher EYR than the wheat systems and lower ELR than all three annual systems, however,
due to fewer field operations and lower estimated soil erosion (Tables 4 and 5). The ESI of
the two IWG systems was approximately two-to-three times higher than any of the annual
systems due to the higher relative contribution of renewable inputs to IWG production
(Tables 4 and 5). Full emergy tables for each cropping system and example calculations are
included in the supplementary materials (Tables S11–S15).
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Table 4. Summary results of emergy evaluation of three years of organic grain production from five
cropping systems: IWG intercropped with red clover (IWG-C), IWG with no clover (IWG-N), annual
winter wheat with (Wheat-C) and without red clover (Wheat-N), and a corn–soybean–spelt rotation
(C-S-Sp). Emergy-based sustainability indicators include Emergy Yield Ratio (EYR), Environmental
Loading Ratio (ELR), and Emergy Sustainability Index (ESI).

Sustainability Indicator IWG-C IWG-N Wheat-C Wheat-N C-S-Sp

Specific emergy (seJ g−1) 3.67 × 109 3.50 × 109 1.09 × 109 1.24 × 109 5.82 × 108

Emergy yield (Y) 7.03 × 1015 6.84 × 1015 1.03 × 1015 1.02 × 1016 9.30 × 1015

Renewable fraction (R) 4.70 × 1015 4.70 × 1015 4.70 × 1015 4.70 × 1015 4.70 × 1015

Nonrenewable local fraction (N) 7.62 × 1014 7.62 × 1014 2.82 × 1015 2.82 × 1015 2.82 × 1015

Purchased fraction (F) 1.56 × 1015 1.40 × 1015 2.74 × 1015 2.64 × 1015 1.78 × 1015

EYR (Y/F) 4.50 4.88 3.74 3.84 5.23
ELR (N + F/R) 0.49 0.46 1.18 1.16 0.98
ESI (EYR/ELR) 9.11 10.60 3.17 3.31 5.36
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Table 5. Summary results of emergy evaluation of three years of organic straw or hay production from
four cropping systems: IWG intercropped with red clover (IWG-C), IWG with no clover (IWG-N), and
annual winter wheat with (Wheat-C) and without intercropped red clover (Wheat-N). Emergy-based
sustainability indicators include Emergy Yield Ratio (EYR), Environmental Loading Ratio (ELR), and
Emergy Sustainability Index (ESI).

Sustainability Indicator IWG-C IWG-N Wheat-C Wheat-N

Specific emergy (seJ g−1) 3.16 × 108 3.90 × 108 7.78 × 108 8.44 × 108

Emergy yield (Y) 7.14 × 1015 6.87 × 1015 1.03 × 1016 1.02 × 1016

Renewable fraction (R) 4.70 × 1015 4.70 × 1015 4.70 × 1015 4.70 × 1015

Nonrenewable local fraction (N) 7.62 × 1014 7.62 × 1014 2.82 × 1015 2.82 × 1015

Purchased fraction (F) 1.64 × 1015 1.40 × 1015 2.75 × 1015 2.65 × 1015

EYR (Y/F) 4.37 4.90 3.74 3.84
ELR (N + F/R) 0.51 0.46 1.18 1.16
ESI (EYR/ELR) 8.56 10.65 3.16 3.30

Emergy is particularly appropriate for evaluating agricultural systems because they
are at their core systems that utilize higher quality, more concentrated forms of energy
obtained from the economy to harvest lower quality, but renewable, energy from the sun,
wind, and rain in the form of crop products [71]. The perennial IWG systems utilized a
higher proportion of renewable resources relative to non-renewable resources of soil erosion
and purchased inputs than annual grain cropping systems, resulting in ESI values that were
three times higher for IWG (ESI = 8.33–10.39) than annual wheat (ESI = 3.16–3.31). The high
emergy value of rainwater relative to other inputs had a strong impact on the sustainability
of all five systems evaluated in this study (Figure 8). Agricultural systems that depend on
groundwater extraction for crop irrigation can be much less sustainable from an emergy
perspective. For example, an evaluation of wheat production in an arid region of China
found an ELR of 10.59 and ESI of 0.11, indicating much higher environmental stress and
lower overall sustainability than the systems in our study, due to use of groundwater at
rates higher than natural recharge and the high emergy cost of electricity required for pump
operation [72].

Emergy evaluation also values the embodied energy of some inputs, such as machinery
and labor, higher than simple energy analysis because emergy conversions account for
not only the energy of producing a machine or performing a task, but also the energy
embodied in the raw materials, information, and environmental processes necessary to
create a machine, raise and educate a laborer, or generate a centimeter of topsoil [73].
This also contributed to better sustainability indicators for the IWG system, which greatly
reduces soil erosion and utilizes less labor and machinery for field operations after the first
growing season because there is no need to till the soil and replant the crop.

The five organic grain cropping systems evaluated in this study also performed well
relative to other agricultural systems evaluated using emergy indicators. The emergy
yields of the IWG (7.11E+15 seJ ha−1 yr−1), wheat (1.03E+16 seJ ha−1 yr−1), and corn–
soybean–spelt (9.30E+15 seJ ha−1 yr−1) systems were higher than a conventional silage
corn production system in the Netherlands (1.91E+15 seJ ha−1 yr−1) [74], but lower than a
conventional grain corn production system in Kansas, USA (1.30E+16 seJ ha−1 yr−1) [71]
and the aforementioned wheat production system in China (2.00E+16 seJ ha−1 yr−1) [72].
The ESIs of IWG grain (8.90–10.34) and forage (8.33–10.39) production were much higher
than any of these conventional grain production systems. Comparisons of ELRs between
conventional and organic wheat production have revealed that organic systems create
two-to-three times less environmental stress [75,76], and based on our analysis, perennial
systems could further reduce the impact of organic grain and forage production.

3.5. Comparison of Sustainability Indicators between Systems

Normalizing all sustainability indicators to the corn–soybean–spelt system that is
typical of organic grain production in New York State provides a relative comparison of all
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five systems (Figure 9). The corn–soybean–spelt system produced the most grain by far due
to the high yield of corn, but less total biomass was harvested from that system than was
harvested from the dual-purpose IWG and wheat systems. These differences in co-products
can have a large effect on the interpretation of sustainability indicators depending on the
allocation method, as is seen in the comparisons of energy use and GHG emissions above.
On a per hectare basis, the IWG–red clover and both wheat systems used slightly more
energy than the corn–soybean–spelt system, but the IWG monoculture used slightly less.
Greenhouse gas emissions from both IWG systems and the wheat monoculture were lower
than the corn–soybean–spelt system, while emissions from the wheat–red clover system
were slightly higher. Both perennial IWG systems performed better than all of the annual
systems for the Emergy Sustainability Index due to a higher relative reliance on renewable
natural resources. Production costs were higher for IWG and wheat systems than the
corn–soybean–spelt system due to higher inputs of poultry manure. Kernza grain yields
would need to increase substantially or command a price premium approximately three
times that of organic winter wheat to have similar net returns to the corn–soybean–spelt
system over a three-year rotation.
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Figure 9. Comparison of five organic cropping systems across agronomic, economic, and environ-
mental sustainability indicators: grain yield (kg ha−1 yr−1), total harvested biomass (kg ha−1 yr−1),
Emergy Sustainability Index (ESI, unitless), energy use (MJ ha−1 yr−1), greenhouse gas emissions
(kg CO2e ha−1 yr−1), and total production costs (USD ha−1 yr−1). Cropping systems evaluated were
IWG–red clover intercrop (IWGC), IWG monoculture (IWGN), wheat–red clover intercrop (WC),
wheat monoculture (WN), and corn–soybean–spelt rotation (CSS).

3.6. Implications for Incorporating Intermediate Wheatgrass into Sustainable Cropping Systems

The results of this study are highly dependent on the economic value of harvesting
IWG biomass for use as a fair-quality hay after grain harvest. Crop residue removal has
mixed impacts on crop productivity and indicators of annual cropping system sustainability,
with high levels of residue removal leading to higher rates of soil erosion and nutrient
leaching but lower GHG emissions [77]. IWG systems may be able to realize many of the
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benefits of residue removal without the drawbacks. Removal of IWG straw after harvest
has neutral or positive impacts on grain yield in subsequent years [58,59], and soil erosion
and nutrient leaching are both much lower in IWG production systems than in comparable
annual grains even when crop residues are harvested [11,13]. As the economic value of IWG
hay and straw is a critical component of the economic viability of the crop, as shown in this
study and another recent evaluation of IWG profitability [22], using IWG as a dual-purpose
crop for grain and forage production appears to be a win-win-win proposition.

The boundaries and assumptions that were made when defining the limits of the
systems being analyzed have significant impacts on the assessment. The decisions to treat
grain and forages as commodities and to apply fertilizers at the same rate regardless of the
intercropping treatment reduced some possible advantages of the IWG–red clover cropping
system from an economic utility standpoint. The benefits of growing IWG as a dual-purpose
crop could be further enhanced on farms where mixed IWG–clover forages could be used
for animal feed. Integrating crop and livestock production is an important principle of
sustainable agriculture because it minimizes externalities at the farm scale [28]. The use of
IWG as a dual-purpose crop producing both grain and animal feed and the incorporation
of forage legumes into field crop production would both help to close material and energy
loops. In such a system, the recycling of nutrients by using animal manures as fertilizer
would also reduce the need for external inputs, thereby further reducing environmental
impact and increasing profitability. This type of farm-agroecosystem circularity can also
increase stability and resilience at the whole-farm scale [37].

Incorporating a perennial grain crop such as IWG into organic crop rotations in the
Northeastern United States could also provide indirect benefits to farm management that
are not quantified in this study. Analysis of perennial wheat cropping systems in Australia
revealed direct and indirect benefits to farmers [63]. The direct benefits of perennial small
grains include reduced external inputs and opportunities for grazing livestock in dual-use
systems, while the indirect benefits to whole-farm management include more flexibility
in equipment usage and labor throughout the year and in decision making about crop
management based on environmental and economic factors, such as prioritizing forage
production when low water availability reduces grain yield or when animal feed prices
are high.

3.7. Limitations and Areas for Future Study

Our evaluation of the sustainability of IWG cropping systems is limited by a lack of
indicators of social sustainability. While the scale of commercial production of IWG for
Kernza grain was only approximately 1600 ha in 2021, and thus its impact on the social
aspects of the overall food system is therefore relatively small, this impact will increase
proportionally with adoption of the crop. As a niche, high-value crop, IWG might currently
benefit smaller farms with greater connectivity to local food value chains. In contrast, if
increasing production area requires specialized equipment for planting, harvesting, or
processing IWG grain and forage, the capital investment might not be feasible for smaller
farms. Aspects of social sustainability, including, but not limited to, farmer and farm
worker wellbeing and livelihoods, must be considered as IWG and other perennial grain
cropping systems continue to develop and market themselves as sustainable alternatives.

Without reliable price estimates for Kernza grain, our economic analysis was limited to
calculating prices and relative price premiums that would allow IWG production to match
the NPV of other organic grain cropping systems. As markets develop and price points
are established for Kernza grain, analysis of scenarios where IWG cropping systems can
be economically competitive with annual grain crops should be conducted. Incorporating
valuation of the additional ecosystem services (e.g., soil health improvement and water
quality protection) that IWG can provide relative to annual grain crops would also help
clarify potential synergies between the environmental and economic sustainability of IWG
cropping systems. Providing information about the relative environmental, economic, and
social benefits (and potential drawbacks) of incorporating IWG into cropping systems to
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farmers, policymakers, and other stakeholders should be prioritized to facilitate adoption
of the crop.

4. Conclusions

Organic perennial IWG cropping systems perform as well or better than annual
cropping systems for several measures of environmental sustainability, especially when
forage is valued as a co-product of the system. The energy use and GHG emissions for IWG
production were relatively low when calculated per hectare or per kg of harvested biomass,
due to lower inputs of seed, fuel, and machinery and high forage biomass production, but
performed poorly for these indicators when only grain was considered as a product of the
system. Sustainability indicators based on emergy, which accounts for the energy harvested
from renewable natural resources, show that the IWG systems create less environmental
stress and generate more emergy per unit of external input than annual grain production
systems. These environmental benefits do have tradeoffs with economic performance of
the IWG systems, however, as low grain yields from IWG would require substantial price
premiums to produce net returns equivalent to comparable organic grain rotations. Several
factors could improve the economic sustainability of IWG production in New York State
and other Northeastern US states, including improving grain and forage yields through
breeding programs and agronomic best management practices, incorporating livestock
grazing or additional forage harvests, or compensating farmers for the ecosystem services
provided by perennial cropping systems.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/su14063548/s1, Tables S1–S5: Enterprise budgets for each of the
five organic grain cropping systems, Tables S6–S10: Estimates of energy consumption and greenhouse
gas emissions calculated using the Farm Energy Analysis Tool (Camargo et al. 2013) for each of the
five organic grain cropping systems, and Tables S11–S15: Emergy tables for each of the five organic
grain cropping systems.
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