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Abstract: Efforts to reduce greenhouse gas (GHG) emissions from cattle production have led to
modifications of livestock diet composition aimed at reducing CH4 emissions from enteric fermenta-
tion. These diet modifications can result in varied manure types that may differentially affect GHG
emissions when applied to soil. The purpose of this experiment was to examine the effect of different
manure types on GHG emissions. We conducted an incubation experiment, comparing the manure
from livestock fed a corn-based diet (CM) to that from livestock fed a traditional barley-based diet
(BM). The manures were applied to three soil types (with varied soil fertility and pH) and compared to
a control (without manure application). Carbon dioxide (CO2) emissions were greater from CM than
from BM across all soil types (29.1 and 14.7 mg CO2-C kg−1, respectively). However, CM resulted in
lower N2O emissions relative to BM in the low fertility soil (4.21 and 72.67 µg N2O-N kg−1, respec-
tively) and in lower CH4 emissions relative to BM in the two acidic soils (0.5 and 2.5 µg CH4-C kg−1,
respectively). Total GHG emissions (sum of CO2, N2O, and CH4) were similar between CM and BM
across all soil types, but CM (unlike BM) had 52–66% lower emissions in the low fertility soil relative
to both CM and BM in the high fertility soil. Our study shows that manure and soil type interact to
affect GHG emissions and that CM may mitigate N2O emissions relative to BM when applied to low
fertility soils.

Keywords: livestock diet; greenhouse gas emissions; manure; soil fertility

1. Introduction

Globally, cattle production contributes more greenhouse gas (GHG) emissions than
other livestock production systems [1]. In Canada, manure management was the third
largest source of GHGs, releasing 7.9 Mt CO2 eq of GHG emissions out of 59 Mt CO2 eq
from agricultural practices [2]. The rumen of cattle is characterized by a diverse microbial
community that carries out the necessary metabolic activities needed for feed digestion [3,4].
Therefore, the nutrients present in the diet and the ability of cattle to digest and absorb
them can vary between feeds, raising the potential for diet manipulation to reduce GHG
emissions from livestock [5,6].

While much of the research related to diet manipulation has focused on mitigating
enteric methane (CH4) emissions, there is also a need to examine the potential carry-over
effects to manure. Because manure is an essential organic fertilizer for many producers, it is
critical to evaluate the impact of different cattle diets on soil GHG emissions to ensure that
a change in diet made in order to decrease enteric CH4 emissions does not lead to increased
GHG emissions from the manure [5,7,8].

In western Canada, the beef cattle industry mainly uses barley grain and silage in
background and finishing diets [7,9]. However, there has been a rapid expansion of corn
silage production in recent years due to the availability of short-season hybrids and longer
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growing seasons [6,10]. Barley silage is higher in crude protein concentration (13% versus
8% of dry matter) than in corn silage but contains 5–15% less digestible energy and 30%
less starch concentration [9–12]. Given the economic benefit of this new diet composition,
Chibisa and Beauchemin [10] conducted a study and determined that it is possible to
include corn in cattle diet without compromising animal performance or carcass quality.

Improving our understanding of amending soil with different manure types will help
develop sustainable livestock management strategies. Although several studies [13,14]
have investigated the influence of feeding cattle various supplements on manure properties
when applied to soil, to our knowledge, no studies have investigated the manure of
cattle fed corn diets compared to that of cattle fed barley diets used as a soil amendment.
Therefore, the objectives of this incubation experiment were to (i) determine the effect of
manure from beef cattle fed barley- or corn-based diets in terms of GHG emissions from
various soil types; and (ii) determine the relationships between C and N dynamics and
GHG emissions.

2. Materials and Methods

This experiment was carried out as a laboratory incubation with four replications using
one of three manure treatments: (1) from cattle fed a corn-silage based backgrounding
diet (CM), (2) from cattle fed a barley silage-based diet (BM), or a no-manure control
(CK) applied to three soil types [15]: (1) Orthic Black Chernozem (OBC), (2) Dark Brown
Chernozem (DBC), and (3) Orthic Gray Luvisol (OGL) in a completely randomized design.
The chemical properties of the soil and manure types are provided in Table 1.

Table 1. Chemical properties of the soil and manure types used in the incubations (means ± SE) (n = 3).

Parameter pH ** TN OC C/N AN

(g kg−1) (g kg−1) (mg kg−1)

Manure Type *
CM 8.31 ± 0.02 17.0 ± 2.39 238 ± 33.4 14.1 ± 0.61 51.6 ± 0.53
BM 8.42 ± 0.01 18.2 ± 0.20 247 ± 14.9 13.6 ± 0.70 54.9 ± 0.71

Soil Type
OBC 5.75 ± 0.05 5.05 ± 0.22 61.6 ± 2.94 12.2 ± 0.06 14.93 ± 0.59
OGL 4.92 ± 0.02 2.29 ± 0.08 32.9 ± 1.35 14.4 ± 0.30 8.71 ± 0.34
DBC 7.26 ± 0.03 1.51 ± 0.06 18.0 ± 0.58 15.9 ± 0.28 9.85 ± 0.54

Note: Abbreviations: AN, available nitrogen; TN, total nitrogen; OC, organic carbon. Soil type: DBC, Dark Brown
Chernozem; OBC, Orthic Black Chernozem; OGL, Orthic Gray Luvisol. Manure type: BM, manure from cattle fed
a barley silage-based backgrounding diet; CM, manure from cattle fed a corn silage-based backgrounding diet.
* TN, OC, and AN are expressed on a dry-matter basis. ** Soil pH was measured in a 1:5 soil:water ratio.

The two types of manure were produced from a feedlot study conducted at Agriculture
and Agri-Food Canada (AAFC) in Lethbridge, Alberta, Canada, as described by Chibisa
and Beauchemin [10]. The 160 cattle were allocated to 16 pens, with 8 cattle pens fed a back-
grounding diet consisting of 60% barley silage and the remaining pens fed a backgrounding
diet comprised of 90% corn silage (dry matter basis). The concentrate proportion in the
diets differed to provide similar digestible energy content, and both diets were formulated
to supply approximately 13.5% crude protein (dry matter basis), with canola meal and
urea used as protein sources. The cattle were fed their respective backgrounding diets for
105 days. An ionophore feed additive (monensin, 28 mg kg−1 dry matter) was included in
all diets. Manure samples for the study were collected near the end of the backgrounding
phase from the pen floor (bedding materials were largely avoided). The manure sam-
ples used for the incubation were freeze-dried to maintain chemical properties, ensure
consistency, and provide a more homogeneous mixture [16].

Samples of the three soil types were collected from 0–15 cm in depth at sites in Alberta,
Canada, in late spring 2017. The soils were collected at AAFC’s Beaverlodge Research and
Development Centre (54◦58′51.1′ ′ N 117◦24′30.7′ ′ W), Lacombe Research and Development
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Centre (52◦26′49.9′ ′ N 113◦45′23.2′ ′ W), and Lethbridge Research and Development Centre
(49◦42′22.4′ ′ N 112◦45′29.2′ ′ W) for OGL, OBC, and DBC soils, respectively. The OGL,
OBC, and DBC soils had a clay loam texture, silty loam texture, and clay loam texture,
respectively. The OGL and OBC soils were from fields under cereal–canola production for
over 30 years, and the DBC soil was from a field under forage (alfalfa/grass) production.
The soils were air-dried at room temperature in the lab and passed through a 2-mm sieve.

To determine moisture content, the soil samples and manure amendment were dried
at 105 ◦C for 48 h [17]. Then, 200 g (dry-weight basis) of soil was placed in each of the
36 (3 manure treatments × 3 soil types × 4 replications) 1 L Mason jars. Each sample was
adjusted to 60% water-filled pore space using a 20 mL syringe to distribute deionized water
evenly over the soil’s surface inside the Mason jar. Water-filled pore space was calculated as

% water− filled pore space =
SWC × BD

1−
(

BD
PD

) (1)

where SWC is the soil water content (g g−1), BD is the bulk density (1.00 Mg m−3), and PD
is the particle density (2.65 Mg m−3) [18–20]. The jars were covered with aluminum foil
with four small holes during the incubation (except during the gas sampling procedure, as
detailed below) to allow for gas exchange and to minimize water loss.

The soils were pre-incubated for seven days in the incubation chamber at 25 ◦C [21].
Following the pre-incubation, 16.64 g of manure (dry-weight basis) was added to the soil.
At the same time, deionized water was added to bring the soil and manure back to 60%
water-filled pore space, and then the Mason jars were placed back into the chamber for
the remainder of the 70 day incubation. The amount of manure added was equivalent to
the standard field application of 160 Mg ha−1 (dry-weight basis) of organic manure, an
amount typical for barley forage production [22]. The water lost from evaporation was
replaced weekly to return the samples to the prescribed water-filled pore space. The jars
were adjusted to 60% water-filled pore space from day 1 to day 14 and then adjusted to
maintain 80% water-filled pore space from day 14 to day 70. We included this change to
understand the potential influence of manure amendments on GHG emissions under a
range of water content conditions.

Approximately 15 g (air-dried equivalent) of the soil samples were collected to de-
termine the total N, total C, organic carbon (OC), and C/N ratio on days 1, 35, and 70 of
the incubation. In addition, another 10 g (air-dried equivalent) of the soil samples were
collected for the measurement of available N (NO3

−-N and NH4
+-N). These measurements

were performed every three days for the first week, then on a weekly schedule for two
weeks, and finally on a bi-weekly basis for the remainder of the study.

For the measurements of available N, the soil samples were extracted with 0.5 M
K2SO4 solutions at a 1:5 (w:v) soil-to-extract ratio, shaken at 250 rpm for one hour, and
then filtered using Whatman No. 42 filter papers [23,24]. Available N was measured by
colorimetric analysis from the filtrate [25]. Soil pH was determined using a pH meter
(Thermo Fisher Scientific, Waltham, MA, USA) using a 1:5 ratio of soil:deionized water
weight [17]. For soil with pH > 7.2, the inorganic C was removed by treating the soil with
6 M HCl prior to determining the OC content [26,27]. The samples were dried at 70 ◦C,
ground with a mortar and pestle, and analyzed for total C and N concentrations using a
dry combustion technique in an automated CN analyzer (Carlo Erba, Milan, Italy) [28].

The gas samples were collected with a 20 mL syringe from each Mason jar and
transferred to a pre-evacuated 12 mL exetainer vial (t0). Then, the Mason jar lid was tightly
sealed for 24 h, after which gas samples were collected again through a butyl rubber stopper
in the jar lid (t24) [17]. This sampling procedure was repeated on days 1, 4, 7, 21, 35, 49,
and 70 of incubation. The difference between t24 and t0 was used to calculate the GHG
fluxes (equation 2). The CO2, CH4, and N2O concentrations in the samples were measured
with a Varian CP-3800 gas chromatograph (Varian, Palo Alto, CA, USA) equipped with a
thermal conductivity detector, a flame ionization detector, and an electron capture detector.
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Atmospheric CO2, N2O, and CH4 fluxes in mg C kg−1 h−1, µg N kg−1 h−1, and
µg C kg−1 h−1 were calculated by comparing the gas density at the standard state to the
changes in gas concentrations during the incubation. The flux was calculated as

Flux =
ρ ∗ ∆c ∗V ∗ 273K

W ∗ ∆t ∗ (273K + T)
(2)

where ρ = density at the standard state, ∆c = change in concentration during the incubation
(parts per billion by volume (ppbv)), ∆t = incubation time (24 h), W = soil mass (200 g),
V = headspace volume in the jar, and T = incubation temperature (25 ◦C) [29].

Dissolved N2O was calculated according to Moraghan and Buresh [30] and added to
the measured N2O flux to determine the total atmospheric N2O flux. The total atmospheric
CO2 and CH4 fluxes were represented by the measured CO2 and CH4 fluxes only. The
total GHG flux was calculated as the sum of the CO2, N2O, and CH4 fluxes, with the
latter two GHGs assessed as CO2-equivalents. Global warming potential coefficients of
265 and 28 were used for N2O and CH4, respectively, to determine CO2-equivalents [31].
The cumulative emissions for each GHG and the total GHG emissions were calculated by
summing CO2, N2O, CH4, and the total GHG emissions over the incubation period.

All statistical analyses were performed using R v. 1.1 (R Core Team, 2020), with
statistical significance set at α = 0.05 for all tests. The normality of distribution and ho-
moscedasticity were checked with Shapiro and F-tests, respectively, and because these
met all assumptions, no transformations were made for these data. For data with non-
homogeneous variances, such as N2O, CH4, and total GHG emissions, autoregressive
models were used. A two-way ANOVA was used to analyze the effect of soil type, ma-
nure type, and their interaction on the cumulative GHG emissions. To determine which
comparisons were significant, the data were further analyzed using a Tukey–Kramer test.
The relationships between the initial amended and non-amended soil properties (on day 1
of the incubation) and the cumulative GHG emissions were examined using Spearman’s
rank correlation.

3. Results and Discussion
3.1. CO2 Emissions

Soil type showed a significant interaction with diet type for CO2 emissions (p < 0.001;
Table 2). CM resulted in greater CO2 emissions (29.13 mg CO2-C kg−1) than BM (14.73 mg
CO2-C kg−1) across all soil types (Figure 1a). The initial OC content was greater in CM
than in BM in the OBC and OGL soils (Figure 2c), potentially making more OC available
for mineralization and releasing greater CO2 emissions from the CM, especially at the
beginning of the incubation (Figure 3a). The initial (day 1) OC content and cumulative CO2
emissions were positively related (p = 0.008; Table 3), supporting this scenario. Although the
OC content was similar or lower in CM relative to that in BM in the DBC soil (Figure 2c), the
initial C/N ratio was substantially greater for CM in this soil (Figure 2b), which may have
promoted the mineralization of OC, releasing greater CO2 emissions from the CM [3,16].
Another potential reason for the differences in the CM and BM CO2 emissions is the
OC quality and stability in the manures [32,33]. For example, the corn silage diet is less
digestible in cattle rumen than the barley silage diet because the corn diet contains less
starch concentrate than the barley diet (27% and 35% of dry matter, respectively) [10,12],
which may result in different OC qualities in subsequent manure. Future studies should
investigate the OC stability of the manures and the effect on microbial communities and
activities when applied to the soil.
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Table 2. Results of two-way ANOVAs (p-values) testing the effects of manure type (M), soil type (S),
and their interactions (S x M) on cumulative greenhouse gas (GHG) emissions (n = 4).

Source of Variation S M S ×M

CO2 emissions <0.001 <0.001 <0.001
N2O emissions <0.001 <0.001 <0.001
CH4 emissions 0.155 <0.001 <0.001

Total GHG emissions (sum of CO2, N2O, and CH4) <0.001 <0.001 <0.001
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Figure 1. Effects of manure type on cumulative (a) CO2, (b) N2O, (c) CH4, and on (d) total GHG
emissions (sum of CO2, N2O, and CH4) across three soil types. Soil type: OBC, Orthic Black
Chernozem; OGL, Orthic Gray Luvisol; and DBC, Dark Brown Chernozem. Manure type: CM,
manure from cattle fed a corn silage-based backgrounding diet; BM, manure from cattle fed a barley
silage-based backgrounding diet; and CK, control (soil without amendments). The letters denote
significant differences across soils and treatments, with columns that do not share the same letter
being significantly different from each other (α = 0.05). Vertical bars indicate standard errors of the
means (n = 4).

The OBC soil showed significantly greater CO2 emissions (24.76 mg CO2-C kg−1, on av-
erage) than the OGL (14.33 mg CO2-C kg−1, on average) and DBC soil (9.98 mg CO2-C kg−1,
on average; Figure 1a), possibly due to the higher OC content of the OBC soil (Table 1 and
Figure 2c) that allowed for greater microbial activity [24]. Additionally, the OBC soil had
higher available N (Table 1 and Figure 2d) than the other soils, which may have led to
priming effects, increasing CO2 emissions [34]. The non-amended soils had less cumulative
CO2 emissions than the manure-amended soils (Figure 1a). Because the manure had high
OC (Table 1), it added a fresh source of OC that likely resulted in enhanced soil microbial
activity and priming effects, increasing CO2 emissions [34,35]. This fresh and labile OC
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would have declined over time, accounting for the peak in CO2 emissions at the beginning
of the incubation and the subsequent decline (Figure 3a). It is also likely that the microbial
communities transferred from the livestock digestive tracks to the manure did not survive
when applied to the soil due to incompatibility and competition with the soil microbiome
and environment, which could have accounted for some of the initial release of CO2 emis-
sions [36]. For the manure-amended soils, the OC and total N contents varied more than
expected at the different sampling dates, especially in the OBC soil, for which the OC and
total N contents surprisingly increased in the middle of the experiment (Figure 2a,c). This
variation is potentially due to the high OC and total N content in the manures and some
heterogeneity in the soil–manure mixture.
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Figure 3. Effects of manure type on (a) CO2, (b) N2O, (c) CH4, and (d) total GHG fluxes (sum of
CO2, N2O, and CH4) across three soil types throughout the incubation. Soil type: OBC, Orthic Black
Chernozem; OGL, Orthic Gray Luvisol; and DBC, Dark Brown Chernozem. Manure type: CM,
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standard errors of the means (n = 4).

Table 3. Spearman’s rank correlation coefficients of relationships between the cumulative CO2, N2O,
and CH4 emissions and the initial amended and non-amended soil properties across the three soils
(on day 1 of the incubation) (n = 12). * p < 0.05; ** p < 0.01; *** p < 0.001.

Variable Total Nitrogen Carbon/Nitrogen Organic Carbon Available Nitrogen

CO2 0.59 ** −0.52 * 0.57 ** 0.42 *
N2O 0.61 ** −0.20 0.49 * 0.76 ***
CH4 0.10 −0.25 0.07 0.62 **

3.2. N2O Emissions

Soil type showed a significant interaction with diet type for N2O emissions (p < 0.001;
Table 2). In the DBC soil, which was the soil with the lowest fertility (in terms of OC and
N; Table 1 and Figure 2), CM resulted in lower N2O emissions than BM (4.21 and 72.67 µg
N2O-N kg−1, respectively; Figure 1b). This may have been due to differences in the manure
amendment properties such as available N (Table 1) and OC quality and their interactions
with the soils affecting OC (especially labile OC), total N, and available N (Figure 2).
Available N was greater in the BM than in the CM manure (Table 1) as well as generally
greater in the BM than in the CM amended soils (Figure 2d). Higher available N in BM
relative to CM in the soils with lower fertility (OGL and DBC), especially at the beginning
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of the incubation (Figure 2d), likely resulted in the high observed N2O emissions across
all soils shortly after the BM amendment (Figure 3b) [20]. The initial (day 1) available N
and cumulative N2O emissions were positively related (p < 0.001; Table 3), supporting this
scenario. The differences in the microbial communities that were present in the manures
and their ability to survive in soils of varying fertility would have also differentially affected
N2O emissions, especially at the beginning of the incubation [36].

In the OBC soil, the trends and cumulative N2O emissions were similar between the BM
and CM amendments and were significantly higher than those from CK (Figures 1b and 3b).
Anaerobic microenvironments potentially caused by the addition of manure, as well as
increased N availability resulting from mineralization of manure N (especially at the
beginning of the incubation), likely promoted denitrification and increased N2O emissions
(Figures 2d and 3b) [37]. This is especially true in the OBC soil due to its higher OC and N
content (Table 1 and Figure 2), where manure addition may have led to priming effects,
increasing the available N through the mineralization of OC and thus N2O emissions [34,37].
Additionally, anaerobic microenvironments were potentially created as labile OC was
consumed by the microorganisms, favoring conditions for increased N2O emissions [37].
The initial (day 1) OC content and total N were positively related to the cumulative N2O
emissions (p = 0.027 and 0.004; Table 3), supporting this scenario. As a soil with moderate
fertility, the OGL manure-amended soils had similar N2O emissions to each other and to
CK, with a similar (but non-significant) trend as the low fertility DBC soil (Figure 1b).

3.3. CH4 Emissions

Soil type showed a significant interaction with diet type for CH4 emissions (p < 0.001;
Table 2). The barley manure-amended OGL (3.43µg CH4-C kg−1) and OBC (1.50 µg CH4-C kg−1)
soils had higher CH4 emissions than the CM amendments (OGL 0.51 µg CH4-C kg−1 &
OBC 0.15 µg CH4-C kg−1) (Figure 1c). Both the OGL and OBC soils were acidic (pH of 4.92
and 5.75, respectively), while the DBC soil was neutral (pH of 7.26) (Table 1). The stress of
the acidic environment due to both the slightly lower pH of the CM amendment relative to
that of the BM amendment (pH of 8.31 and 8.42, respectively) and the acidic soil may have
resulted in the lower CH4 emissions for CM in acidic soils relative to those for BM [38].
Cattle fed corn diets may have lower fecal pH due to the greater post-ruminal fermentation
of feed within the digestive tract of the animals compared with those fed barley diets [5,39].
Additionally, the corn diet contained greater neutral detergent fiber than the barely diet
(45 and 34% of dry matter, respectively), which could have increased volatile fatty acid
production in the cattle hindgut, and methanogenic Archaea is usually hindered under high
volatile fatty acid concentrations and low pH [40].

The greatest CH4 emissions came from manure-amended soils, with negligible CH4
emissions from the CK amendments across all soil types (Figures 1c and 3c). Except towards
the end of the incubation, the CH4 flux was generally positive (Figure 3c). Because soils act
as sinks for CH4 if they are well aerated [8,41,42], the larger positive CH4 fluxes for CM
and BM were likely caused by the addition of organic matter sealing the surface of the soil,
reducing pore space and corresponding to available oxygen for the microorganisms [24,41].
The general decline in the CH4 fluxes over the duration of the incubation may reflect an
initial mass die-off of the microbial communities that were present in the manures [36] or the
decomposition of labile OC over time. Additionally, the soil may have become more porous
over time, resulting in a decrease in methanogenesis [24]. A lack of consistent change in the
CH4 fluxes across soil types and treatments after the water-filled pore space change at day 14
from 60 to 80% suggests that the water content change did not meaningfully affect microbial
communities or activity. Although aerobic conditions are present in up to 60% of water-filled
pore space, manure addition may have changed this to a lower boundary [37], reducing
aeration and resulting in the observed higher positive CH4 fluxes from the manure-amended
soils from days 1 through 14 (Figure 3c). Increased CH4 emissions from manure-amended
soils due to reduced aeration should be directly tested in future field trials, especially as we
face increased precipitation events due to climate change [31].
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3.4. Total GHG Emissions

Soil type showed a significant interaction with diet type for the total GHG emissions
(sum of CO2, N2O, and CH4, with the latter two GHGs assessed as CO2-equivalents)
(p < 0.001; Table 2). The total GHG emissions were primarily driven by the CO2 and N2O
emissions, with only a minor role played by the CH4 emissions (Figures 1 and 3). The total
GHG emissions were similar between CM and BM across all soil types, while the total
GHG emissions were consistently lowest for CK (Figure 1d). However, unlike BM, CM had
52–66% lower total GHG emissions in the DBC (low fertility) soil relative to both CM and
BM in the OBC (high fertility) soil (Figure 1d). The total GHG emissions were highest for
CM and CK in the OBC (high fertility) soil (Figure 1d). The greater effect of soil fertility
on the total GHG emissions from CM relative to BM may have been due to differences in
the manure amendment microbial communities and properties such as available N and
pH (Table 1), as well as OC quality and their interactions with the different soils affecting
microbial communities and activity.

4. Conclusions

The effect of cattle diet type on the GHG emissions from manure-amended soil was
dependent on soil type. The cattle fed corn silage-based rather than barley silage-based
backgrounding diets generated increased CO2 emissions but reduced CH4 (in acidic soils)
and N2O (in the soil with the lowest fertility) emissions. Given the rapid expansion of corn
silage production and the economic benefit of this relatively new diet composition for cattle
in western Canada, these findings provide important insight into the potential effect of
the next stage in the life cycle of a corn-based diet on GHG emissions. Our results suggest
that the manure from cattle fed a corn-based diet may be able to mitigate N2O emissions
relative to the manure from cattle fed a barley-based diet when applied to low fertility soils.
Applying the manure from cattle fed a corn-based diet to low fertility soils also appears to
be advantageous for reducing the total GHG emissions relative to applying the manure
from cattle fed corn- or barley-based diets to high fertility soils. Further research, including
field studies and life cycle analyses, is needed to assess the best management practices
related to the use of the manure from cattle fed corn-based diets as a soil amendment.
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