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Regenerative agriculture is a newly codified approach to agriculture that emphasizes

reducing reliance on exogeneous inputs, as well as restoring and enhancing ecosystem

services such as soil carbon (C) sequestration. These regenerative agriculture principles

suggest that modern livestock systems can be redesigned to better capitalize on animals’

ecological niche as biological up cyclers and may be necessary to fully regenerate

some landscapes. One example is a multispecies pasture rotation (MSPR) system,

which symbiotically stacks multiple animal production enterprises (i.e., chickens, cattle,

sheep, and pigs) on one landscape. We conducted a whole-farm life cycle assessment

(LCA) of an MSPR in the southeastern United States that was originally converted

from degraded cropland. We compared the production outputs, greenhouse gas (GHG)

emissions, land footprints, and soil health outcomes to a conventional, commodity (COM)

production system of each respective species. Our 20-year MSPR chronosequence of

soil C and other soil health indicators shows dramatic improvement since establishment,

sequestering an average of 2.29Mg C ha−1 yr−1. Incorporation of soil C sequestration

into the LCA reduced net GHG emissions of the MSPR by 80%, resulting in a footprint

66% lower than COM. However, when comparing required land between the two

systems for food production, MSPR required 2.5 times more land when compared to

COM. Thus, while our model indicates that MSPR can simultaneously produce protein

while regenerating land, a considerably greater land area is needed when compared

to COM. Our results present an important yet paradoxical conclusion on land and

food production balance. Should society prioritize an input-intensive, COM system that

produces more food from a smaller yet degrading land base? Or, alternatively, should

systems such as MSPR that produce less food on a larger, but more ecologically

functional landscape be more highly prioritized? These complexities must be considered

in the global debate of agricultural practice and land. Our results indicate MSPRs are a

useful model for alternative livestock production systems with improved environmental

outcomes, but in this study may present considerable land-use tradeoffs.

Keywords: regenerative agriculture, soil carbon (C) sequestration, life cycle (impact) assessment, multi-species
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INTRODUCTION

Livestock are often considered agriculture’s key greenhouse gas
(GHG) emitter, contributing more than one-third of agricultural
emissions (EPA, 2019). Typically, livestock production in the
United States is highly specialized and intensified and is often
cited as having both lower GHG [on a per carcass weight
(CW) basis] and land-use footprints than pasture-based livestock
systems. Alternatively, pasture-based systems often have less
GHG intensity from a land use basis (Cardoso et al., 2016).
However, current studies neither robustly consider complexity
in diversified pasture-based livestock systems, nor consider
the role of soil carbon (C) in GHG flux as well as land-use
tradeoffs. This study aimed to contribute to this gap, in part,
by quantifying GHG emissions, soil C sequestration, soil health,
and land footprint of a farm using a diversified, multispecies
pasture rotation (MSPR) in Clay County, Georgia, USA.We then
compared emissions and land use to conventional, commodity
(COM) production systems for beef, pork, and poultry.

Diversified farms supply 60 and 75% of the world’s meat
and dairy, respectively (Herrero et al., 2010; FAO, 2014).
Expanding the use of diversified farming methods for animal
production (including integrated crop-livestock systems,
carefully managed grazing, and MSPRs) can lead to improved
environmental outcomes and beneficial ecosystem services
(e.g., wildlife and pollinator habitat, improved nutrient
cycling) in addition to food production (Russelle et al., 2007;
Kremen et al., 2012; Rivera-Ferre et al., 2016; Kremen and
Merenlender, 2018; Kumar et al., 2019). Importantly, MSPRs
take advantage of an “agromutualism” that builds symbiotic
relationships between enterprises that lead to ecological
and economic benefits. These production systems differ
from industrial methods in focusing on biodiversity and
mimicking natural ecological mechanisms (e.g., enhancing
soil C sequestration through rotational grazing on rangelands
and improving water and nutrient cycling through improved
soil health), rather than specialization and intensification,
albeit with considerably less overall production. However, few
studies have explored such diversified livestock production
systems in the United States, instead focusing mostly on very
extensively (e.g., pastoralism) and intensively (e.g., feedlot)
managed systems.

Livestock GHG footprints are calculated using life cycle
assessment (LCA), which is an accounting approach that reports
emissions resulting from all inputs and outputs of a production
system on a per kg of CW of meat produced (kg CO2-e
kg CW−1). LCA methodologies are often based on generally
accepted Intergovernmental Panel on Climate Change (IPCC)
calculations to estimate system GHG fluxes for processes such
as enteric fermentation (enteric CH4), manure management,
and feed production. These calculations rely on metadata
accumulated over time and often from scientific literature. While
these accounting principles and approaches are useful, supported
by scientific literature, and give broad-based estimations on
the impact of a system, they often do not account for the
complexity of on-farm management and commonly trade-off
regional specificity for global or national generalizations. Further,

very complex diversified livestock systems are scientifically
underrepresented in the literature compared to simplified animal
production systems, and scientific studies of extensive systems
often reduce complexity to regimented management practices
designed to reduce the very complexity that farmers and ranchers
face daily (Teague et al., 2013).

Recent studies show that livestock-induced soil C changes can
have large impacts on the GHG balance of these production
systems (Beauchemin et al., 2011; Teague et al., 2016; Stanley
et al., 2018). Grazing lands are one of the most significant
reservoirs of soil organic carbon (SOC) (Conant et al., 2017),
containing more than 30% of total global SOC (Follett et al.,
2000; Lal, 2002; Schuman et al., 2002; Derner and Schuman,
2007). Livestock are the primary users of this extensive land
base and are an important management tool for mediating
increased soil C sequestration (Liebig et al., 2010; Teague
et al., 2011; McSherry and Ritchie, 2013; Machmuller et al.,
2015; Wang et al., 2015; Griscom et al., 2017). Although our
knowledge of management impacts on soil C sequestration
is expanding, LCAs consistently omit it from GHG analysis
(Rotz et al., 2019). Soil C has been historically excluded
from LCA for a number of reasons, including lack of
data on soil C sequestration, to provide conservative GHG
estimates (Rotz et al., 2019), and an assumption that soils,
without additional carbon inputs, are in long-term equilibrium.
However, globally grass and cropland soils are highly degraded
and thus have a long-term sequestration potential (Cotrufo
et al., 2019; Yang et al., 2019; Lavallee et al., 2020). Some
studies have shown that when including soil C changes to
LCA parameters, the overall CO2-e can decrease considerably
(Pelletier et al., 2010b; Stanley et al., 2018). Thus, changes in soil
C could possibly be the greatest opportunity for reducing beef ’s
carbon footprint.

In addition to GHG emissions and soil C sequestration, land
use is a key evaluation metric of livestock systems. A growing
global population and per-capita meat demand have increased
the impetus for more efficient, and thus higher intensity,
meat production. However, there are tradeoffs to extensive vs.
intensive livestock production systems. For example, although
overall land use is often lower in intensive systems, they
often use a higher percentage of arable cropland suitable for
other uses than extensive systems, which rely primarily on
marginal lands. The MSPR examined in this study is an
interesting case that is neither extensive nor intensive. Rather,
it is a stacked-enterprise system in which animal stock density
and rotational management are characteristically “intensive,”
but taking place on an “extensive,” low-input, pasture-based
landscape. We examined the total land-use tradeoffs for this
system compared to conventional production systems for each
animal species.

We hope to, in part, fill these gaps in the literature through
this study in two ways: (1) by conducting a comparative
analysis of an MSPR and a conventional US animal
production system, thereby addressing the extensive–intensive
dichotomy, and (2) using soil C sequestration and land-use
trade-offs as additional comparative metrics in addition to
GHG emissions.
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METHODS

Site Description
The USDA-certified organic farm,White Oak Pastures (WOP), is
in Clay County, GA, and spans 1,214 ha of land. The prevailing
soil types are Faceville, Marlboro, and Greenville fine sandy loam.
Average annual rain is 1,342mm yr−1, and mean high and low
annual temperatures are 26 and 12◦C, respectively (University of
GA Environmental Monitoring Network 1957–2016).

Clay County, GA, was a historical scrubland/oak savanna, but
agriculture has been and is currently the predominant land use
(River Valley Regional Commission, 2014). Agriculture in the
region most commonly employs a general crop rotation of cereal
grains, corn, soybeans, cotton, and peanuts. Alternatively, WOP
produces five redmeat and five poultry species (including eggs)—
totaling 142,935 animals annually—which are managed together
on the same landscape. WOP acquires degraded croplands and
converts them to MSPRs with a 3-year regeneration strategy.
In years 1–3, cow–calf pairs are placed on the land at daily
stock densities of 23–46Mg ha−1 and fed hay throughout the
winter (mean daily intake: 10 kg per animal). This supplies
additional manure and organic matter (OM) from unconsumed
hay to the soil, which is incorporated into the soil via animal
impact. Bahiagrass (Paspalum notatum) is then aerial seeded
and allowed to germinate. WOP is certified USDA Organic
and thus does not apply chemical fertilizer or herbicides.
However, residual chemicals from the transitioning degraded
cropland pose a challenge to the farm. This transition process is
illustrated in Figure 1.

A combination of fertility practices is used to provide

additional nutrients to the soil, including 1-cm compost
application (produced and sourced on farm), and the addition

of pastured layers or broiler chickens supplemented with feed.
As conditions improve and forage quantity increases (years

4 and beyond), compost application is ceased, and cattle are

then grazed using holistic planned grazing methodology (Savory
and Butterfield, 2016). Holistic planned grazing (HPG) is a
grazing process that entails high animal stock densities, division
of the land into temporary small subunits (paddocks), and
carefully planned herd movements that act in concert with
forage availability and seasonality. Land managers use HPG
with varying degrees of paddock “rest and recovery” periods
to meet goals such as land improvement, increased livestock
productivity, and maintenance of seasonal wildlife habitats. The
manager at WOP uses livestock to defoliate plants at high
stock densities (25–50Mg ha−1 daily) and then quickly moves
them off the grazed paddock daily to allow the grazed plants
to enter full recovery. All beef cattle are in one single herd as
opposed to the conventional practice of grouping animals by
cow–calf, yearlings, and bulls. The final MSPR includes cattle,
small ruminants (sheep and goats), poultry species (laying hens,
guinea fowl, turkeys, ducks, and geese), swine, and rabbits,
which are moved together in various herd combinations across
the farm.

Clovers, forbs, and nut (primarily pecan) bearing trees are
also introduced into the farm landscape to increase native
plant diversity and to replicate historic oak-savanna silvopastoral

conditions. These silvopastoral landscapes are also used for on-
farm hog production, which is one of several other enterprises
including USDA-certified organic produce, agritourism, and an
on-farm restaurant.

Life Cycle Assessment
All emissions were calculated using a deterministic
environmental impact model created in MS Excel with standard
IPCC GHG inventory methodologies (IPCC, 2006). Face-to-
face meetings, farm records, and a semistructured in-person
interview with the farmer yielded model inputs and outputs.
Questions included farm size and management practices (both
spatial and temporal), number of animal units for each livestock
category, exogenous input amounts and sources, production
indicators, packing plant throughput, and quantification of
animals not grown on-farm, but harvested at the on-farm
USDA-inspected abattoir. Subsequent composting methods and
application data were also collected. All major GHGs [methane
(CH4), carbon dioxide (CO2), and nitrous oxide (N2O)] from
direct and indirect sources were calculated using either Tier 1
(soil CH4 and N2O) or 2 (enteric CH4, Ym = 6.0) (IPCC, 2006)
methodologies. Other emissions including feed production
and transport, on-farm and abattoir energy use, and compost
production were calculated (EPA, 2020). Emissions from energy
used for equipment manufacture were excluded based on their
minor contribution (< ∼3%) (Lupo et al., 2013). All gasses were
converted to CO2 equivalents (CO2-e) using current 100-year
global warming potentials (CO2 = 1, CH4 = 30.5, N2O = 265).
We defined the functional unit for this model as kg of CO2-e per
kg of meat on a CW basis (kg CO2-e kg CW

−1).

Soil Sampling and Analyses
To estimate soil C sequestration rate and changes in other soil
health indicators, soils were sampled along a 20-year degraded
cropland to MSPR chronosequence. The chronosequence
consisted of a currently cultivated cropland (year 0) and fields
converted from cropland to pasture 1, 3, 5, 8, 13, and 20 years ago.
Year 0 represents land that has been continuously farmed for a
minimum of a decade with rotations of corn (Zea mays), peanuts
(Arachis hypogaea), wheat (Triticum), and soybeans (Glycine
max). The land was routinely tilled, and chemical fertilizer and
herbicides were applied annually. Initial land transformation
began in year 1 when off-farm hay was applied across the
degraded land and then fed to cattle grouped in relatively high
stock densities (25–50Mg ha−1 daily). This helps to both break
up capped soil and more evenly disperse nutrients back into the
soil from manure, urine, and residual hay. The following spring,
grass was aerial seeded onto the land. In years 1–3, these fields are
minimally grazed and receive 1 cm of compost ha−1 yr−1. After
year 3, exogenous inputs (hay and compost) were ceased, and the
regeneration strategy shifted toward an animal-only approach,
whereby animals were the primary mechanism of improving the
land. This was done by increasing grazing exposure, introducing
multiple livestock species including pastured poultry into the
MSPR, and continually rotating animals across the land using
HPG. Year 20 represents a grassland site that did not receive
compost or poultry impact, only planned beef cattle grazing.
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FIGURE 1 | The regeneration process employed by White Oak Pastures. Year 0: Degraded cropland is acquired; Years 1–3: Hay is fed to cattle grouped in moderate

densities, compost is applied, grass is seeded, and cattle and poultry are grazed at low stock densities; Years 3+: Animal stock densities are increased (25 to 50Mg

ha−1 daily), and holistic planned grazing (HPG) is implemented, where animals are rotated often and land is rested between grazing events; Advanced Regeneration:

Represents a regenerative landscape (no seedings, added hay or compost since year 3) including rotations of diverse animal species with improved soil health and

water cycling.

In the spring of 2018, soil samples were collected from each
field. Our objective was to find a site that had no animal impact
for the year 0 chronosequence site. However, this location had
received one instance of animal impact via hay feeding at the
time of sampling. Therefore, we chose to resample at a newly
acquired location that had received no animal impact and was
more indicative of a true year 0. We then chose to use data from
the newly acquired site as year 0, and the data from the originally
sampled site as year 1. We set out to collect a minimum of
four soil cores at intervals spaced 10m apart along set transects.
However, because of dry conditions, we were able to collect only
one intact soil core from the year 0 site. Although there was very
little difference in soil C stock between year 0 and year 1, we
elected to include this in the model as a true year 0 site. We
also experienced dry, difficult sampling conditions in year 13,
enabling collection of two intact soil cores.

Each field was sampled within the dominant soil type
according to Web Soil Survey, which was either a Faceville,
Marlboro, or Greenville sandy loam in each location. At each
sampling location, four 1-m soil cores were sampled (although
soil conditions prevented all four samples at the 50- to 100-
cm depth from being collected at some sites) using a 5.7-cm
diameter Giddings probe (Windsor, CO) for soil C analysis, and
eight 10-cm soil cores were collected using a 3.2-cm-diameter
hand probe for soil health analysis. Meter-deep intact soil cores
were separated into 0- to 10-, 10- to 30-, 30- to 50-, and 50- to
100-cm depths and sieved to 8mm. Samples from each location
were analyzed by depth for bulk density (20-g subsamples were
weighed, dried at 105◦C, and reweighed to determine the mass
of dry soil per unit volume) and soil C [soils were ground on a
ball mill and analyzed using a CN analyzer (LECO CHN-2000
autoanalyzer)], and later averaged to obtain field-level means.We
used the minimum equivalent mass (Lee et al., 2009) to convert
C concentrations to C stocks (Mg C ha−1).

Hand cores (10-cm depth) were placed on ice the evening of
collection and delivered overnight to Cornell University. Samples

were analyzed by sampling location for the Comprehensive
Assessment of Soil Health, which is a suite of soil tests including
texture by hydrometer, pH, wet aggregate stability, permanganate
oxidizable (active) C (POXC), microbial respiration via 4-day
incubation, autoclave citrate-extractable (ACE) soil protein, and
available water-holding capacity (AWC); (Moebius-Clune et al.,
2016). Soil health analyses were not performed on the year 0 site.

Soil clay contents ranged from 5 to 20%. Least-squares means
of equivalent mass carbon stocks, wet aggregate stability, active
C, ACE soil protein, and microbial respiration were calculated to
account for clay content as a covariate where clay was significant
(α = 0.05). Clay was not a significant covariate for water-holding
capacity. Soil C sequestration rate was calculated using linear
regression on least-squares means of carbon stocks. All statistical
analyses were completed using RStudio Team 2019 with the
package lsmeans (Boston, MA).

Comparison to COM Animal Production
To understand the relative emissions and land use of the MSPR
examined in this analysis, we compared beef, pork, and poultry
results of this LCA to COM agricultural production of beef (Rotz
et al., 2019), pork, and poultry (Gerber et al., 2013).

We retrospectively determined land needed to grow feed (for
pork, poultry, and feedlot beef) or graze and grass-finish beef
cattle based on the CW output of the WOP MSPR and the
Georgia crop and hay production averages (USDA NASS, 2018).
For the non-ruminant diets, we used an 80% corn, 20% soybean
meal diet per COM standard production. Importantly, pork and
poultry finishing diets are more variable than our standard ration
and can include dried distiller’s grains and synthetic amino acids
among other feedstuffs. Because of the difficulty of accounting for
these differences across a large geographical context, we chose a
standard baseline for diet comparison.

For the beef cattle land comparison, we first used the number
of cow–calf pairs necessary to produce the annual beef output
(268,777 kg yr−1) at WOP for 1 year (n = 992). Stocking
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TABLE 1 | Overall market animal production and carcass output.

Animal N Mean

carcass

weight (kg)

Total

carcass

weight (kg)

% of farm

production

Productivity

(kg ha−1)

Cattle 990 271 268,777 42 221

Swine 597 109 65,049 10 54

All Poultry 141,348 2 275,472 43 227

Eggs* – – 22,106 3.5 18

Sheep 267 20 11,481 0.8 4

Goats 82 14 2,542 0.2 1

Rabbits 88 2 140 <0.01 0.1

Total 143,372 – 645,567 100 525

*A 49.61 g egg−1 was used as a conversion factor.

rate for the system was calculated based on existing Georgia
recommendations (0.81 ha per cow; D. Hancock, personal
communication, 2019). Total land needed for grazing and hay
was calculated at 0.66 ha per grass-finished steer in the MSPR.
Because beef grown in feedlots are considerably heavier and
require less land for feed, we used beef CWs and land use data
from Stanley et al. (2018) to adjust cows and land needed for
feed production. We also calculated the additional hay needed
for supplementation in the COM system using the Stanley et al.
(2018) feedlot diets and then divided by the mean hay production
per acre in Georgia (USDA NASS, 2018).

RESULTS

Meat Production and Emissions
Overall animal productivity and GHG emissions of the MSPR
system are reported in Tables 1, 2. Beef, poultry, and swine
comprise 96% of the overall production on a CW basis. Each
year, the MSPR at WOP (including all animals) harvests 143,372
animals, totaling 637,910 kg of total CW. Summing all animals
in the MSPR, the farm produces 525 kg CW ha−1. Thus, the
overall productivity of the total MSPR is substantially higher
when compared to grass-finished beef only (221 kg CW ha−1).

While beef cattle comprise 42% of overall CW production,
their emission on a CO2-e kg CW basis is higher than in other
systems. Cattle contribute 33.55 kg CO2-e kg CW−1, whereas
swine and all poultry contribute 15.15 and 9.69 kg CO2-e kg
CW−1, respectively. The beef cattle contribute 68% of total
farm emissions, totaling 9,018,105 kg CO2-e. Poultry was the
second greatest contributor to overall emissions at 20%, while
contributing 43% to the overall farm production. Emissions from
swine production align evenly with productivity, totaling 7% of
the farm GHG footprint and 10% of farm production. Eggs and
all other species, primarily sheep and goats, contribute <1% of
the overall farm GHG footprint.

Total farm emissions categorized by animal production, feed,
land, and slaughter vary by species. Beef cattle account for about
95% of animal and 52% of land emissions. Poultry production,
the second largest contributor to on-farm productivity, is
responsible for 63% of total feed emissions and 68% of total

slaughter emissions. The MSPR total carbon footprint was
13,225,972 kg CO2-e, with animals as the greatest emissions
category (58%), followed by land (20%) and feed (19%).

Soil Parameters
We observed substantial increases across a suite of soil
health indicators over the 20-year chronosequence (Table 3).
Wet aggregate stability increased from 0 to 53% over the
chronosequence, with a 5-fold increase between years 3 and
20 (p = 0.02). Microbial respiration increased from 0 to
0.56mg CO2 day−1 by year 3 and 1.16mg CO2 day−1 by year
20 (p = 0.03), whereas POXC increased 10-fold across the
chronosequence (p < 0.01). ACE protein, which estimates the
amount of mineralizable organic N, increased from 0 to 23mg
g−1 over the chronosequence, with a 4-fold increase from year 3
to year 20 (p < 0.01). There was no observable increase in AWC.

Soil Carbon Sequestration
In addition to soil health indicators, we also measured SOC stock
from year 0, prior to MSPR initiation, to year 20. Initially, SOC
stocks were ∼10Mg C ha−1 and increased to 50Mg C ha−1

in year 20, a 5-fold increase across 20 years of management.
The highest measured soil C stock was in year 13, measuring
65Mg C ha−1. Importantly, the year 20 site received no compost
applications or poultry disturbance and reflected only the impact
of grazing and perennial conversion from annual cropland. Soil
carbon stocks at equivalent minimum mass increased linearly
at a rate of 2.29Mg C ha−1 yr−1 (p = 0.04, R2 = 0.60;
Figure 2). Field-level standard errors for each soil depth is given
in Supplemental Info (Supplementary Table 1). Soil OM (SOM;
Table 3) concentration reflected comparable increases at the
surface from 1 to 5% in years 0 and 20, respectively. Overall,
the transition from a conventional row crop model to MSPR
improved soil physical and biological attributes and consequently
significantly improved soil C stocks.

The overall MSPR beef footprint totaled 33.55 kg CO2-e kg
CW−1 and was 36.5% greater compared to the COM beef
GHG footprint (21.3 kg CO2-e kg CW

−1). The greatest emission
disparity between production methods was observed in pork,
where MSPR pork was 3-fold greater compared to a COM
production footprint (15.15 vs. 4.6 kg CO2-e kg CW

−1 for MSPR
and COM pork, respectively). The MSPR poultry was over twice
that of COM poultry but in each production system represented
the least emission intensity of all species analyzed in the model
(Figure 3).

We next totaled all emissions in each species production
category and present the overall net emission for the MSPR
as compared to COM. The overall MSPR carbon footprint for
poultry, pork, and beef produced on farm totaled 20.8 kg CO2-e
kg CW−1, 44% greater than COM, which totaled 11.9 kg CO2-e
kg CW−1 for all livestock species produced.

We integrated measured soil C sequestration (Figure 2) into
the net emissions from MSPR and COM. We used mean soil C
sequestration of 2.29Mg C ha−1 yr−1 for MSPR and considered
COM to be in a soil C dynamic equilibrium. Incorporation of
soil C sequestration as a GHG sink in the MSPR system reduced
emissions from 20.8 to 4.1 kg CO2-e kg CW−1 representing an
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TABLE 2 | Overall farm emissions by animal species.

Animal Animal emission

(kg CO2-e)

Feed emission

(kg CO2-e)

Land emission

(kg CO2-e)

Slaughter emission

(kg CO2-e)

Total emission

(CO2-e kg CW−1)

Carbon footprint

(kg CO2-e)

Cattle 7,310,521 262,571 1,399,275 45,738 33.55 9,018,105

Swine 45,750 683,675 230,106 26,140 15.15 985,671

All Poultry 5,950 1,618,693 849,684 194,481 9.69 2,668,808

Eggs* – 848 428 10,456 0.53 11,732

Sheep 213,500 636 141,047 7,842 69.65 363,025

Goats 106,750 212 68,762 2,614 154.54 178,338

Rabbits – 21 11 261 2.09 293

Total 7,682,471 2,566,656 2,689,313 287,532 285.2 13,225,972

*Indicates A 49.61 g egg-1 was used as a conversion factor.

TABLE 3 | Soil indicators.

Year Equation p-value R2

0 1 3 5 8 13 20

Water-stable aggregation (%) − 0* 11 7 47 47 53 y = 2.9 + 2.9x 0.02 0.76

Microbial respiration

(mg CO2 day−1)

− 0* 0.56 0.54 0.94 1.16 1.16 y = 0.07 + 0.01x 0.03 0.75

Active C (ppm) − 80 325 380 522 884 844 y = 167 + 41x < 0.01 0.85

Water holding capacity

(g water g soil−1)

− 0.19 0.20 0.15 0.15 0.28 0.21 – 0.44 –

ACE soil protein

(mg g−1)

− 0* 5 3 15 22 23 y = 0.2 + 1.3x < 0.01 0.86

Soil organic matter (%) − 1.1 2.0 2.8 2.6 3.5 5.2 y = 1.1 + 0.22x < 0.01 0.93

*Indicates Negative least-squared means were adjusted to 0.

∼5-fold drop in emission intensity. The resulting 4.1 kg CO2-e
kg CW−1 of net MSPR emissions then become 7.8 kg CO2-e
kg CW−1 lower than COM. These results point to the dramatic
changes that can occur in animal protein LCA when accounting
for changes in soil C stocks over time. Importantly, if we were to
attribute the soil C sequestration across the chronosequence to
only cattle, MSPR beef produced in this system would be a net
sink of−4.4 kg CO2-e kg CW

−1 annually.
Finally, in Figure 4, we calculated the land required to

produce all proteins in the COM and MSPR models. The
required land to graze beef and supply feed for each species
(poultry, pork, and beef) is considerably greater for the MSPR
system than COM. The MSPR required 2.5 times more land
when compared to COM to produce the same amount of CW.
Thus, while our model indicates that MSPR can simultaneously
produce protein while increasing soil health indicators and soil C
stock, a considerably greater land area is needed when compared
to COM.

DISCUSSION

Meat Production and Emissions
We report animal production and resulting emission metrics
of an MSPR production system whose owner’s primary goal is
to farm regeneratively. Gosnell et al. (2019) define regenerative

agriculture as an “alternative” form of food and fiber production
oriented toward enhancing resilience and ecological health.

With respect to on-farm production, 42% of the overall farm
CW was produced from cattle, where the mean grass-finished
beef CW was 271 kg hd−1. Most beef LCAs measure productivity
on an animal performance basis vs. actually indicating a CW
(Pelletier et al., 2010b; Lupo et al., 2013) or determine the
amount of animals necessary to produce a certain amount of
beef (Capper, 2012). However, we were only able to collect
CWs from the packing facility, making comparisons back to a
live weight productivity difficult. However, our reported MSPR
finished beef CW closely aligns with Stanley et al. (2018), who
reported a 280 kg hd−1 in an adaptive multipaddock (AMP)
grazing system—a similar management strategy, but using beef
cattle only. Importantly, these results show that grass-finished
CWs are ∼33% lower than existing grain-finishing beef LCAs
(Pelletier et al., 2010b; Lupo et al., 2013; Stanley et al., 2018).

The interview with the owner of WOP indicated that the
average age of slaughtered beef cattle was between 20 and 22
months of age (data not shown). This is considerably less than
a recent study by Heflin et al. (2019), who modeled a grass
finishing system in the lower Southern Plains and indicated a
time to slaughter of 30 months with an average CW 40 kg greater
than our MSPR system. However, that the WOP MSPR system
reached similar CWs 10 months sooner, comparatively, than
other grass-finished beef systems is an important improvement
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FIGURE 2 | Soil carbon stock at equivalent soil mass of 9,900 Mg/ha. Points represent least-squared means adjusted for soil clay content generated from 4 in-field

replicate soil samples.

that both reduced GHG emissions over a shorter lifetime while
simultaneously producing other food animal proteins.

Life cycle emissions for beef cattle in the MSPR were 33.55 kg
CO2-e kg CW−1. This is 30% higher than the most current
models evaluating business-as-usual beef cattle production
systems (with grain finishing) in the United States (Rotz et al.,
2019). This is due to the widely accepted fact that grass-finished
cattle have a higher enteric CH4 footprint than those finished
on grain because of differences in feed digestibility. In our
study, 81% of beef cattle footprint is attributed to enteric CH4.
However, the proportional trade-offs of specific GHGs in each
production system are also important to consider. For example,
while enteric CH4 in the MSPR was proportionately high, CH4 is
a short-lived climate pollutant where C is contained in existing
biomass and cycled quickly through the atmosphere, lasting
on average 10 years before being oxidized (Lynch et al., 2020;
Thompson, 2020). Alternatively, although overall emissions in
grain-finished beef systems are lower, the portion of fossil-fuel
derived emissions is higher, including CO2 and N2O (lasting
1,000 and 100 years on average, respectively) arising from
fertilizer production and application for fodder crops and fossil
fuel–derived energy use (Picasso et al., 2014). Pierrehumbert and
Eshel (2015) also report less overall climate impact of pastured-
beef systems with no or minimal fertilization, despite greater

enteric CH4 emissions compared to feedlot systems. Recent IPCC
estimates show that global CO2 and N2O concentrations have
been rising more rapidly than CH4, which has been plateauing
(IPCC, 2014). The shorter life span of CH4 in the atmosphere,
however, also makes it an attractive target for near-term
GHGmitigation.

The beef cattle in the MSPR represent the largest emission
source in the production system for three reasons: they make
up the largest group of animals in the system, they produce high
CWs, and they contribute more CO2-e per kg of CW compared
with other livestock categories. Studies have demonstrated that
intensive feeding and management of beef cattle in grain-fed
system result in higher CW and lowest overall CO2-e kg−1

emission (Heflin et al., 2019; Kamilaris et al., 2020). However,
they generally lack a systems perspective to net GHG fluxes,
thereby omitting soil carbon sequestration, which has great
potential tomitigate GHG emissions for grass-fed systems (Liebig
et al., 2010; Pelletier et al., 2010a). Inclusion of field-measured soil
C sequestration (as a CO2-e sink) has been shown to completely
mitigate the C footprint of intensively managed grass-finished
cattle in some specific cases (Stanley et al., 2018) and drastically
lower (but not neutralize it) in others (Machmuller et al., 2015;
Wang et al., 2015; Hillenbrand et al., 2019). Although few exist,
these cases present a unique nexus that (a) alleviates the pressure
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FIGURE 3 | Comparison of a Commodity and Multi-Species Pasture Rotation (MSPR) CO2-e on a kg CW basis by specie (left) and then aggregated for the mean

overall net farm emission with and without soil C sequestration (right).

to use input and fossil-fuel intensive production systems to
maximize cattle gains and lower per-kg CO2-e and (b) maximizes
biological ecosystem functions to reduce net GHG emissions
while maintaining productivity.

Less dichotomy exists in comparing the MSPR pork and
poultry outputs to generally accepted COM pork and poultry
outputs. More difficulty arises when comparing pastured
poultry models in the literature. For pastured broiler only
models, recommendations range from 500 to as much as
1,000 broilers 0.40 ha−1, with almost all nutrients coming
from cropland derived feed instead of pasture (Meeh et al.,
2014). At WOP, 445,182 eggs were produced using the MSPR,
weighing an average of 49.6 g (data not shown) totaling
22,106 kg of eggs.

Although poultry production, including eggs, represents
46.5% of the total carcass weight in this system, they contribute
only 20% of total carbon footprint. Feed production for poultry
was the largest impact category (Tongpool et al., 2012; MacLeod
et al., 2013), mainly comprising energy- and protein-rich
ingredients (more than 60%). In our system, emissions from feed
totaled 60.6% of the total poultry carbon footprint. For eggs,
however, emissions associated with slaughter (processing and
transport) outpaced those from feed production, contributing 89
and 7%, respectively. Poultry-meat produces a greater emissions

footprint than eggs partly because rations for broiler chickens,
on average, include a higher share of soybean products, which
are sourced from areas where land-use change is taking place
(MacLeod et al., 2013).

Feed production was proportionally the greatest emission
source for both poultry and swine, whose diets consisted of
primarily corn (80%) and soybean (20%) products. These results
are generally consistent across the literature, although COM
swine production systems often have larger GHG footprints
associated with facilities (Pelletier et al., 2010a; Eshel et al., 2014;
Kebreab et al., 2016; Tallaksen et al., 2020).

Soil Parameters
We observed large increases across the suite of soil health
indicators examined in the MSPR chronosequence, indicating
improvements in soil function as a result of perennial
establishment and regenerative MSPR management at WOP.
SOM is related to nearly every soil-related ecosystem service
including water and nutrient cycling, habitat for biodiversity,
and erosion control (Wall et al., 2012). Observed increases
in SOM were likely mediated by greater aggregation, as
aggregation is one of the primary mechanisms of SOM
stabilization via physical protection and microbial habitat
(Tisdall and Oades, 1982; Gupta and Germida, 2015), and we
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FIGURE 4 | Comparison of a Commodity and Multi-Species Pasture Rotation (MSPR) for land needed to graze beef and supply feed for poultry (275,242 kg), pork

(65,049 kg) and beef (268,777 kg) similar to outputs of monitored MSPR farm.

observed a 5-fold increase in both SOM and wet aggregate
stability over the chronosequence. Additionally, higher wet
aggregate stability indicates an improved ability to maintain
soil structural integrity in the face of events such as extreme
precipitation, leading to greater water infiltration and reduced
erosion (Franzluebbers, 2002). We expected these increases in
aggregation and SOM to translate to greater AWC. However, we
did not observe an increase in AWC across the chronosequence,
further adding to literature suggesting the link between SOM
and AWC is not as pronounced as previously thought
(Minasny and Mcbratney, 2017).

Rapid responses in microbial respiration (2-fold increase),
ACE protein (5-fold increase), and active C (10-fold increase)
during the chronosequence indicate the enhancement of soil C
and N cycling with MSPR. Microbial activity in annual cropland
soils is often limited by C availability (Schimel, 1986), and the
increase in active C andmicrobial respiration observed within the
first several years of the chronosequence reflects the alleviation of
C limitation via greater C inputs in the perennial MSPR system.
Additionally, increased ACE protein reflects a growing pool of
readily mineralizable organic N as a result of greater plant inputs,
animal manures, and additions of other organic materials such
as compost. Large reservoirs of organic N coupled with an active

microbial community are critical for efficiently meeting plant N
needs in agroecosystems, as organic N released slowly through
mineralization is more efficiently utilized than pulse additions
of inorganic N via synthetic fertilizer (Gardner and Drinkwater,
2009). Together, the improvements across the suite of soil health
properties measured here indicate that the building blocks for a
growingmicrobial community in soils underMSPRmanagement
were met, ultimately contributing to the increased soil C pool and
more efficient N cycling.

Soil Carbon Sequestration
Over the 20-year chronosequence, the MSPR system at WOP
sequestered an average of 2.29Mg C ha−1 yr−1 (Figure 2).
However, the oldest location in the chronosequence received
grazing only rather than all management practices applied to
younger sites (e.g., compost). Thus, the average C sequestration
rate may have been higher if this site were more representative of
the entire chronosequence.

Compared to other literature, our estimated soil C
sequestration rate lies toward the higher end—both above
(Wang et al., 2015; Conant et al., 2017) and below (Stanley et al.,
2018) reported values from others. It is important to note that
each system is unique and that resulting soil C sequestration
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with the application of a management system like the MSPR
employed by WOP will differ based on land use history (e.g.,
conversion from cropland or overgrazed pasture), time since
adoption (discussed more in detail below), and changing weather
conditions (e.g., drought) among other factors. For example,
Stanley et al. (2018) reported average SOC sequestration after
five-year conversion from continuous haying and grazing to
AMP grazing (analogous to the HPG system used at WOP, but
with cattle grazing only). Our system reflects a longer transition,
over 20 years, which may explain the lower average sequestration
rate, comparatively. Alternatively, the MSPR system in this study
was employed after conversion from degraded cropland, was
combined with compost application, and was conducted in a
non-arid ecosystem. These practices explain the higher relative
sequestration rates compared to some others (Wang et al., 2015;
Conant et al., 2017).

In this study, SOC sequestration is estimated via a space-for-
time substitution rather than directly measuring SOC change
over time. While it has limitations, without baseline SOC data
for each field, the chronosequence approach is the best alternative
for measuring temporal SOC changes with differingmanagement
when compared within soil types and has been used widely
throughout the ecological sciences (Walker et al., 2010).

Our estimated SOC sequestration rate (2.29Mg C ha−1 yr−1)
is an average over 20 years. To better assess temporal dynamics
of SOC sequestration, we can also analyze how the sequestration
rate changes over time. It is commonly assumed that there is a
finite capacity of soils to store C and that sequestration rates will
slow over time as soils come closer to a “saturation” point. Our
results indicate a sharp increase in SOC stocks from years 1 to 3,
with slower increases from years 5 to 13. Soil C stock at the oldest
MSPR site (at 20 years) indicated a slightly lower soil C stock than
the 13-year site, which may suggest a peak soil C accumulation at
∼13 years since establishment of the MSPR. However, we do not
believe this is indicative of a declining sequestration rate due to
proximity to saturation. Rather, we posit that this is an artifact
of management differences between the sites, as the 20-year site
received grazing only, rather than the entire suite of management
interventions (i.e., compost, poultrymanure) that were applied to
all other MSPR sites across the farm.

Further, carbon stock alone does not allow us to make
conclusions about soil C storage capacity, which can be better
informed by the relative distribution of soil C between mineral-
associated OM (MAOM) and particulate OM (POM) (Cotrufo
et al., 2019). These authors also showed that soil C in grasslands
is contained mostly in the MAOM fraction, which is often
microbially processed and high in N, making it highly persistent
and stable in soils (Lavallee et al., 2020). MAOM also saturates
in soils because of the finite availability of mineral surfaces
to sorb OM. However, the authors also suggest that POM
can be indefinitely accrued in soils irrespective of MAOM
saturation and, further, that most grassland soils are unlikely to
be “saturated” with respect to MAOM-C. We did not fractionate
SOM into MAOM and POM pools in this analysis; however,
given the large increases in soil aggregation, it is likely that POM
is increasing with MSPR adoption in this system, because POM
persistence is largely dependent on aggregation. Further, results
presented by Cotrufo et al. (2019) and others (West and Six, 2007;

Jagadamma et al., 2014; Nicoloso et al., 2018) lead us to question
the certainty of soil C saturation in grassland soils.

The results of other soil parameters in addition to the SOC
sequestration in this study allow us to infer management drivers
as well as functional changes in the soil. In general, soil C stock
can be increased by (a) increasing C inputs to the soil or (b)
reducing the relative rate of loss (as CO2) via decomposition
or stabilization, which reduces emissions to the atmosphere that
would otherwise occur (Conant et al., 2017). In our MSPR
system, C inputs were increased in three ways, by the increase of
native and perennial plant diversity underMSPR as clovers, forbs,
and nut bearing trees; by the addition of compost and manure
from livestock; and via exogeneous poultry feed. Further, the
short-duration, high-intensity grazing (otherwise termed HPG;
as well as rotation with other animals) used in this system
has been shown to maximize plant residue left in the pasture
and improve below-ground soil C allocation via plant roots
(Teague et al., 2011).

Soil C sequestration is a vital ecosystem function to mitigate
climate change. Here, we demonstrate that land restoration using
MSPR is an important regenerative agricultural tool to support
this effort.

Net GHG Footprint and Land Use
While the GHG footprint of the MSPR is considerably greater
than corresponding COM estimates (Figure 3), the reverse is
true after incorporation of the on-farm soil C sequestration as
a GHG sink. When considering only standard LCA boundaries
on a kg CO2-e kg CW−1, animals in the COM system are more
efficient—gaining more weight in less time and thus contributing
43% fewer GHGs (MSPR: 20.8 kg CO2-e kg CW−1 vs. COM:
11.9 kg CO2-e kg CW−1). However, our on-farm analysis of
soil C accrual at WOP revealed a sequestration rate of 2.29Mg
C ha−1 yr−1, on average, over 20 years of MSPR adoption.
After incorporating this into our LCA boundaries, this reduced
the GHG footprint of the MSPR system by 80% (from 20.8 to
4.1 kg CO2-e kg CW−1), ultimately finishing at 66% lower than
comparative COM production.

However, when comparing required land between the two
food production systems, MSPR required 2.5 times more land
than COM production. Thus, while our model indicates that
MSPR can simultaneously produce protein while regenerating
land and can contribute other ecosystem services, a considerably
greater land area is needed when compared to COM. However,
MSPR is well-suited for more marginal lands while requiring
fewer exogenous inputs such as feed stocks. Consequently,
increased implementation of MSPR on marginal lands, including
degraded cropland, could free up more productive land for
production of higher value and more nutrient dense crops.
Theoretically, this trade-off in land use could also, to an extent,
partially mitigate the greater land area needed forMSPR livestock
production vs. COM.

Our results present an important yet paradoxical conclusion
on land and food production balance in the face of climate
change. Should society prioritize an input-intensive, COM
system that produces more food from a smaller, yet degrading
land base with externalized societal costs? Or, alternatively,
should systems such as MSPR that produce less food on a
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larger, but more ecologically functional and diverse landscape
be more highly valued? These complexities must be considered
in the global debate of agricultural practice and land, as land-
management strategies that prioritize soil health to regenerate
agroecosystems are increasingly needed to meet the needs of a
growing population.

Regardless of the starting point on any farm or ranch, we
hope to emphasize the importance of diversifying as a process
to provide and enhance ecosystem services that are becoming
increasingly important in addition to food production, such as
resiliency and adaptive capacity to extreme weather, nutrient
cycling, water retention, and climate change mitigation. Teague
et al. (2016) provides a cadre of tools to improve ecosystem
services in both cropping and grazing systems, which can be
implemented by farms and ranches of all production types.
For example, reducing and eliminating tillage, maintaining soil
cover with cover crops, increasing biodiversity and nutrient
cycling via integrated crop-livestock systems, and maximizing
rest periods in grazing-only systems are all tangible actions
for regenerating agroecosystems (Brewer and Gaudin, 2020).
The WOP MSPR examined in this study exemplifies a farm
using a highly evolved production system at the far end of the
diversification spectrum.

Lastly, although we highlight the need for more research
on diversified livestock production systems, the benefits
of diversified agroecological production systems for the
provisioning of ecosystem services are well-established. The
results of this research point us to other important and timely
questions of farmer practice adoption, payment for ecosystem
services (PES), and other incentivization mechanisms (Gosnell
et al., 2020). Currently, underdeveloped PES and carbon
markets present major challenges to the adoption of regenerative
agricultural practices in the United States. As it becomes
increasingly clear that deployment of carbon capture and storage
(CCS) technologies (potentially via PES), in addition to GHG
mitigation measures, will be necessary to meeting our climate
goals, regenerative agriculture is arising as a practice with clear
CCS potential. Thus, we recommend that federal monetization
strategies be developed to increase adoption of regenerative
agricultural practices simultaneously to ongoing research, rather
than sequentially.

CONCLUSIONS AND IMPLICATIONS

Diversified livestock production systems are highly
underrepresented in scientific literature, despite evidence
of widespread global use (Robinson et al., 2011). We present,
to our knowledge, the most robust analysis of an MSPR
system in the scientific literature comprising beef, pork, and
poultry. In addition to business-as-usual LCA methodology,
we also incorporated measured on-farm soil health parameters,
including soil C sequestration. Most often, animal production
LCAs are generated for one species of livestock and likewise
are analyzed with broad-based formulas generated from
empirical models across large geographical contexts. Our study
provides unique model parameters for an actual farm in the
United States, populated with on-farm generated vs. literature

derived production metrics with actual soil C and subsequent
soil health data across time and space.

This study provides interesting new context to current
agricultural debates, including those surrounding land-sharing
vs. land-sparing, sustainable intensification, and the use of
regenerative agriculture to sequester soil C. WOP is a USDA
Organic MSPR employing principles of regenerative agriculture
through holistic management. As defined by Gosnell et al.
(2019), regenerative agriculture “focuses on enhancing and
restoring holistic, regenerative, resilient systems supported by
functional ecosystem processes and healthy, organic soils capable
of producing a full suite of ecosystem services, among them
soil carbon sequestration and improved soil water retention.”
Our results indicate that this system does, in fact, regenerate
ecological function including soil health, resilience, GHG
mitigation, and biodiversity. It accomplishes this by managing
animals intensively (not to be confused with input-intensity) in
an otherwise extensive system (no chemical fertilizers, biocides,
tillage, etc.). When comparing this approach to a business-as-
usual COM-based approach, and including soil C sequestration,
the overall emission footprint of the regenerative agriculture
approach was 3-fold less. Adoption of practices such as the
MSPR investigated in this study should be incentivized at a
greater scale while concomitantly investigating technologies and
approaches that can reduce the necessary land needed to produce
the regenerative proteins.
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