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ABSTRACT

Organic agriculture continues to expand in the 
United States, both in total hectares and market share. 
However, management practices used by dairy organic 
producers, and their resulting environmental impacts, 
vary across farms. This study used a partial life cycle 
assessment approach to estimate the effect of differ-
ent feeding strategies and associated crop production 
on greenhouse gas emissions (GHG) from Wisconsin 
certified organic dairy farms. Field and livestock-driven 
emissions were calculated using 2 data sets. One was a 
20-yr data set from the Wisconsin Integrated Cropping 
System Trial documenting management inputs, crop 
and pasture yields, and soil characteristics, used to 
estimate field-level emissions from land associated with 
feed production (row crop and pasture), including N2O 
and soil carbon sequestration. The other was a data set 
summarizing organic farm management in Wisconsin, 
which was used to estimate replacement heifer emission 
(CO2 equivalents), enteric methane (CH4), and manure 
management (N2O and CH4). Three combinations of 
corn grain (CG) and soybean (SB) as concentrate 
(all corn = 100% CG; baseline = 75% CG + 25% 
SB; half corn = 50% CG + 50% SB) were assigned 
to each of 4 representative management strategies as 
determined by survey data. Overall, GHG emissions 
associated with crop production was 1,297 ± 136 kg 
of CO2 equivalents/t of ECM without accounting for 
soil carbon changes (∆SC), and GHG emission with 
∆SC was 1,457 ± 111 kg of CO2 equivalents/t of ECM, 
with greater reliance on pasture resulting in less ∆SC. 
Higher levels of milk production were a major driver 
associated with reduction in GHG emission per metric 
tonne of ECM. Emissions per metric tonne of ECM in-
creased with increasing proportion of SB in the ration; 
however, including SB in the crop rotation decreased 

N2O emission per metric tonne of ECM from cropland 
due to lower applications of organically approved N 
fertility inputs. More SB at the expense of CG in the 
ration reduced enteric CH4 emission per metric tonne 
of ECM (because of greater dietary fat content) but 
increased N2O emission per metric tonne of ECM from 
manure (because of greater N content). An increased 
reliance on pasture for feed at the expense of grain 
resulted in decreased in milk production, subsequently 
leading to substantially higher emissions per metric 
tonne of ECM.
Key words: partial life cycle assessment, carbon 
footprint, grazing management

INTRODUCTION

The market for organic products continues to expand 
both in the United States and abroad, reaching ap-
proximately $35 billion sales in 2014 (USDA Economic 
Research Service, 2013). Organic milk demand has re-
cently surpassed available supply, unable to keep pace 
with consumer demand (McBride and Greene, 2009). 
As new farms transition to organic production to meet 
the rising demand for organic milk, farmers likely will 
need to adjust the feeding strategies used for their 
conventional herds to achieve the required minimum 
of 30% DMI from pasture during the grazing season, 
as outlined by the USDA National Organic Program 
(USDA, 2013). Within this regulatory framework, how-
ever, different approaches relating to both crop produc-
tion strategy and feed ration composition exist that 
could be adopted by organic dairy farmers. Wisconsin’s 
organic dairy farms currently exhibit a wide range of 
these approaches, including varying reliance on pasture 
or concentrates (Hardie et al., 2014); these farms could 
serve as models for transitioning producers aspiring to 
attain specific production, economic, and environmen-
tal benchmarks under organic management.

Across all of agriculture, increasing attention has been 
focused on greenhouse gas (GHG) emissions resulting 
from production practices and their associated effects 

Effect of feeding strategies and cropping systems on greenhouse 
gas emission from Wisconsin certified organic dairy farms

D. Liang,* F. Sun,* M. A. Wattiaux,* V. E. Cabrera,*1 J. L. Hedtcke,† and E. M. Silva‡
*Department of Dairy Science, University of Wisconsin-Madison, Madison 53705
†West Madison Agricultural Research Station, University of Wisconsin-Madison, Verona 53593
‡Department of Plant Pathology, University of Wisconsin-Madison, Madison 53705

 

Received August 23, 2016.
Accepted March 27, 2017.
1 Corresponding author: vcabrera@wisc.edu



5958 LIANG ET AL.

Journal of Dairy Science Vol. 100 No. 7, 2017

on climate change (IPCC, 2013). Agriculture contrib-
utes approximately 9% to total GHG emissions in the 
United States and 14% of emissions globally (EPA, 
2014). Whereas the dairy industry is not a particularly 
significant source of total global anthropogenic GHG 
emissions (4% in 2010), the US dairy industry has com-
mitted to a 25% reduction of GHG by 2020 relative 
to 2009 (Innovation Center for US Dairy; http://www.
usdairy.com/sustainability/industry-commitment/
about). The major sources and sinks of GHG on the 
dairy farm are associated with crop production (CO2 
and N2O), enteric fermentation of feed by livestock 
(CH4), and manure management (CH4 and N2O). 
Variations in diet formulation, and the associated crop 
production to supply that diet, can affect the quantity 
of GHG emissions of the various systems, as highlighted 
by several studies demonstrating the importance of feed 
quantity and quality to reduce livestock GHG emission 
intensity (Johnson and Johnson, 2007; Ogino et al., 
2007; Beauchemin et al., 2010; Pelletier et al., 2010).

Life cycle assessment (LCA) has been used to 
evaluate the GHG emissions from dairy operations 
on a whole-farm level. Studies have compared GHG 
emissions of confinement-based feeding operations to 
pasture-based systems, including organically managed 
systems that include pasture (Cederberg and Mattsson, 
2000; Weiske et al., 2006). Several studies indicated that 
the amount of concentrate fed to dairy herds, and its 
associated crop production-based GHG emissions and 
subsequent effects on feed digestibility, enteric methane 
emissions, and milk productivity (Aguerre et al., 2011; 
Beauchemin et al., 2008).

As farms make the transition to certified organic 
practices, critical decisions must be made with respect 
to feeding strategies and diet composition. Thus, with 
increasing numbers of dairy operations under organic 
management, the optimization of feeding strategies pro-
vides an opportunity to minimize the carbon footprint 
of organic dairy farms in Wisconsin while maintaining 
productivity. Therefore, the objective of our study was 
to compare the effects of potential feeding strategies 
and the associated crop hectares on GHG emissions of 
Wisconsin certified organic dairy farms.

MATERIALS AND METHODS

Feeding Strategies

An analysis from a 2010 survey of Wisconsin cer-
tified organic dairy farm management characteristics 
(Hardie et al., 2014) revealed 4 feeding strategies and 
production outputs typifying Wisconsin organic dairy 
farms. Farms were clustered using 9 parameters under 3 

general categories: (1) general farm characteristics and 
management (herd size, percent of Holstein cows, and 
milking frequency); (2) nonpasture-based feeding prac-
tices (number of cow groups, amount of concentrate 
fed, and feed supplements); and (3) grazing practices 
(percent of land used as pasture, pasture occupancy 
period, and grazing season length). Detailed descrip-
tions of herd and management factors for the farms in 
each of the clusters (number of cows, rolling herd milk 
average, percent Holstein cows, concentrate fed, land 
used as pasture, length of grazing season, and average 
hours per day on pasture) are summarized in Table 1 
(Hardie et al., 2014). Greenhouse gas emission alloca-
tion between milk and meat was calculated for each 
cluster, which was based on the weight of meat (bull 
calf and beef sale) and milk sale (IDF, 2010). Results 
reported as GHG emission per metric tonne of ECM 
represented the GHG emission allocated to 1 t of ECM, 
with exceptions noted in the table footnotes, in which 
N2O and CH4 emission from each emission source and 
soil carbon loss value were total emission for both milk 
and meat.

Cluster 1 comprised 8 farms with an average herd 
size of 128 cows. The predominate breed in cluster 1 
was Holstein, with lesser represented breeds including 
Jersey, Milking Shorthorn, Brown Swiss, Swedish Red, 
Normande, Dutch Belted, Linebacks, and Fleckvieh 
(Hardie, 2013). The lactating cows of the farms de-
scribed by this cluster heavily relied on supplementa-
tion and minimally on pasture. Cow management was 
the most similar to conventional management strate-
gies among all 4 clusters; it had the least hours per 
day on pasture compared with the other 3 clusters, low 
percentage of land designated to pasture, high levels 
of concentrate feeding, and high DMI. The productiv-
ity per cow (i.e., ECM) was second-highest among the 
clusters.

Cluster 2 comprised 5 farms with an average of 50 
cows each of varying breeds (both purebred and cross-
bred of Jersey, Milk Shorthorn, Normande, Brown 
Swiss, Ayrshire, and New Zealand Friesian; only 1 farm 
had 12% purebred Holsteins; Hardie, 2013) that used 
seasonal calving. Farms in cluster 2 grazed more days 
annually than other clusters, had the greatest percent 
of land under pasture, and used the least amount of 
concentrate. In part due to seasonal milking, the pro-
ductivity of these herds was the lowest of all clusters.

Cluster 3 comprised 32 farms with an average herd 
size of 41 cows. Similar strategies were used as in cluster 
1 for feeding their smaller herds, feeding 6 kg/d of con-
centrate per cow. Cluster 3 was 89% purebred Holstein; 
other purebred cows were Jersey and Lineback breeds. 
The crossbred cows had the genetics of Holstein, Jer-
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sey, Milking Shorthorn, Brown Swiss, Angus, Guernsey, 
Swedish Red, Normande, Dutch Belted, Montbéliarde, 
Lineback, Danish Red, Friesian, or Norwegian Red 
(Hardie, 2013). Average hours on pasture per day for 
cows were greater than cluster 1. Although percentage 
of time grazing pasture was similar, the percentage of 
land designated as pasture in cluster 3 was substan-
tially greater than the farms of cluster 1. The highest 
rolling herd average milk production was found on the 
farms of this cluster.

Cluster 4 comprised 24 farms with an average herd 
size of 43 cows, typically not-milking purebred Hol-
stein. Crossbreds in cluster 4 had similar genetics as 
cluster 3 (Hardie, 2013). Cows of cluster 4 farms spent 
more time on pasture during the grazing season, with 
more land designated to pasture than clusters 1 and 3. 
During the nongrazing season, lactating cow feeding 
strategies were similar to clusters 1 and 3. Milk produc-
tion was less than that of farms from clusters 1 and 3.

Cropland and Pasture GHG Emissions

The Wisconsin Integrated Cropping Systems Trial 
(WICST), a long-term cropping system experiment es-
tablished in 1989 and located in Arlington, Wisconsin, 
has been used to collect crop production and soil data 
from 0.28-ha plots managed to represent production 
practices representative of Wisconsin agriculture (Pos-
ner et al., 1995, 2008; Sanford et al., 2012). The various 
cropping systems studied in the WICST trial include 

both organic grain-based and forage-based systems 
that are managed according to the USDA National Or-
ganic Program regulations (USDA, 2013) and represent 
cash grain (corn-soybean-wheat rotation) and forage 
production strategies (corn-oat/alfalfa-alfalfa rotation) 
used among Wisconsin’s organic dairy farmers (Pos-
ner et al., 2008). Inputs (seed, fertilizer and nutrients 
pesticides, and so on) as well as crop and pasture yield 
measurements are collected annually, with each phase 
of the crop rotation represented each year, providing 
a robust estimate of the yield potential on organically 
managed crop land in southern Wisconsin. Using the 
average yield data from a 16-yr period (1993–2008), the 
hectares required to produce the annual feed needs per 
cow for each of the model feeding strategies [corn grain 
(CG) and soybean (SB)] in concentrate, silage, alfalfa 
haylage, and pasture were estimated for each cluster. 
These values were calculated according to the annual 
DM consumption of the lactating herd, annual crop 
yields, and feed moisture content using the reported 
values of each cluster was daily feed consumption from 
Hardie et al. (2014).

Emissions of N2O and CH4 from cropland and pas-
ture were predicted based on input and yield data from 
the 16-yr (1993 to 2008) period on which this informa-
tion was collected from the organic grain and forage 
rotations and pasture treatments on WICST. Using 
IPCC (2006b) equations, direct N2O emissions from 
crop production and indirect N2O emissions from leach-
ing and volatilization were calculated. Emissions were 

Table 1. Descriptive statistical results of 4 clusters1 and the total sampling farms from Hardie et al. (2014)2

Item C1 C2 C3 C4

Number of farms 8 5 32 24
Number of cows per farm 129 50 41 43
Rolling herd average milk production (kg/cow per year) 6,878 3,632 7,457 5,417
ECM production3 (kg/cow per year) 6,657 3,857 7,164 5,495
Percent of purebred Holstein cows 90 0 89 6
Percent of first lactation cows 31.6 32.7 29.7 26.1
Number of bull calves sold per year 39 19 15 16
Concentrate fed per cow per day (kg/d) 8.0 2.0 6.0 6.0
DMI (kg/cow per day) 22.1 15.2 20.9 18.1
Percent of land used as pasture 22 100 31 49
Grazing period starting and ending time Apr. 19–Nov. 7 Apr. 26–Nov. 28 May 1–Oct. 21 Apr. 21–Nov. 8
Grazing period length (d) 203 216 176 199
Average hours per day on pasture during grazing season 17 22 19 21
Grazing time on pasture4 (d/yr) 143 194 141 174
Allocation factor to milk5 0.82 0.71 0.85 0.84

1Cluster 1 = C1; cluster 2 = C2; cluster 3 = C3; and cluster 4 = C4.
2Energy-corrected milk production, feed efficiency, and grazing time on pasture in a year were calculated based on data from Hardie et al. (2014). 
Other results were calculated based on survey results from Hardie (2013).
3ECM = [0.25 + 0.122 × fat (%) + 0.077 × protein (%)] × milk production (kg) (Sjaunja et al., 1990).
4Grazing time on pasture in a year is the actual time (d) cows graze on pasture during 1-yr period, calculated as grazing period length × (aver-
age hours per day on pasture during grazing season/24).
5Allocation factor to milk is the proportion of total GHG emission allocated to milk. It is calculated as 1 – 5.7717 × (Mmeat/Mmilk), where Mmeat 
is the amount of meat sale per year, including culled cows and bull calves, and Mmilk is the amount of milk sale per year (IDF, 2010).
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converted to CO2 equivalent (CO2 eq.) with global 
warming potential values of 298 for N2O and 34 for CH4 
(100-yr time horizon with climate-carbon feedbacks; 
Myhre et al., 2013).

Changes in soil carbon quantities resulting from the 
crop management strategies represented in the WICST 
trial were calculated by comparing soil carbon concen-
trations in samples collected at the start of the trial 
started (in 1989) to samples collected 20 yr later (San-
ford et al., 2012). Whereas this timeframe is relatively 
short, previous studies have demonstrated that soil car-
bon changes resulting from crop production activities 
can be accurately measured over this timespan (Bel-
lamy et al., 2005; Milesi Delaye et al., 2013). Protocols 
for determining soil carbon changes and associated data 
were detailed in Sanford et al. (2012). For the purposes 
of this analysis, annual soil carbon change (∆SC) was 
calculated as the average annual soil change over the 
20-yr period (1989–2008) assuming a linear trend.

Enteric Methane Estimation

The DMI of lactating cows in each of the 4 clusters 
was collected as farmer-reported data and summarized 
by Hardie et al. (2014). As part of Hardie et al. (2014) 
survey, farmers were asked to provide the DM amount 
of each feed type (concentrate, corn silage, alfalfa hay-
lage, vitamin, and mineral) fed to cows in both the non-
grazing and grazing seasons. The DMI consumed from 
pasture were calculated as the difference between the 
estimated total DMI (provided by the surveyed farm-
ers) and DM consumed from supplemented feed during 
the grazing season. Dry matter intake from different 
feeding strategies for each cluster were summarized in 
Table 2 from Hardie et al. (2014). Three concentrates 
scenarios were also listed in Table 2, which is described 
in the Concentrate Scenarios section.

Enteric CH4 emissions are affected by multiple fac-
tors, including DMI, NDF, fat, and energy content in 
the diet (Johnson and Johnson, 1995). In most cases, 
the IPCC (2006a) equation was used for enteric CH4 
emission calculation; however, a model from Moraes et 
al. (2014; Appendix Table A1) was used to predict CH4 
emissions from enteric fermentation to better capture 
the variation of diet formulation [gross energy (GE) 
intake, dietary NDF, and dietary ether extract] in 
studied clusters. Additionally, the Moraes et al. (2014) 
model was used as the equation from IPCC (2006a) 
would require several parameters (i.e., daily BW gain) 
that were not reported in the original survey.

Feed ingredient chemical composition (Appendix 
Table A2) was collected from Nutrient Requirements of 
Dairy Cattle (NRC, 2001); GE was further calculated 
based on the carbohydrate, protein, and ether extract T
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proportion. High CP contents (19–24% in different 
clusters; Table 3) were due to the high DMI from pas-
ture (Wales et al., 1998), which had relatively greater 
CP content than the other feed ingredients (Appendix 
Table A2). Body weight of cows and milk fat were ob-
tained from the survey results (Hardie, 2013).

Manure Management GHG Emissions

Estimations of GHG emissions associated with 
manure management included manure deposited on 
pasture during grazing, manure storage, and manure 
applied to the field through mechanical spreading. Ma-
nure N excretion was calculated as the difference be-
tween dietary N and milk N. The proportion of manure 
N deposited on pasture was determined by the annual 
length of the grazing season, hours in a day on pasture 
during the grazing period, and the monthly DMI from 
pasture during the grazing season; all 3 parameters were 
obtained from the survey of Hardie (2013; Table 1). For 
example, cows from cluster 1 spent 16.9 h (70.4% of 24 
h) on pasture during the grazing period that started 
on April 19 and ended on November 7; thus, 70.4% 
of the manure during grazing period was deposited on 
pasture, with the remaining proportion collected from 
confinement housing. Deposited manure N content and 
volatile solid content were determined by the monthly 
DMI of each feed ingredient for each grazing month 
(April to November). The survey results (Hardie et al., 
2014) indicated that most of the organic farms handled 
lactating cow manure in liquid form. Eleven farms 
handled only solid manure (16%) from lactating cows: 
clusters 1 and 2 all handled liquid manure, cluster 3 
had 8 farms (25%) that handled solid manure, and clus-
ter 4 had 3 farms (12.5%) that handled solid manure. 
As such, it was assumed that all farms only handle 
liquid manure. Forty-six farms reported the storage 
time of liquid manure in earthen basin, 35 of them had 
storage time longer than 6 mo. Thus, we assumed that 
manure collected in confinement housing was stored in 
an earthen basin for 6 mo, followed by applying to crop 
and pasture land. Emissions of CH4 and N2O from ma-
nure management were estimated with IPCC (2006a) 
equations listed in Appendix Table A1.

Replacement Heifer Emission

Greenhouse gas emission from heifers was based 
on percent of first-lactation cows, herd size, and BW 
(Table 1). Heifer BW is 92% of mature cow BW (NRC 
2001). An emission factor of 11 kg of CO2 eq./kg of 
BW (Rotz et al., 2013) was assigned to replacement 
heifers. Calculation is listed in Appendix Table A1. 
Greenhouse gas emission per heifer was 6,172, 5,541, T
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5,992, and 5,385 kg of CO2 eq. for clusters 1, 2, 3, and 
4, respectively.

Concentrate Scenarios

To estimate the effect of diversification of feed sup-
plementation strategies, 3 combinations of CG and SB 
were designed to evaluate the plausible respective GHG 
emissions of feeding concentrate of varying ingredient 
composition. These combinations (CG:SB) were (1) 
100:0 (all corn; AC), (2) 75:25 (baseline; BL), and (3) 
50:50 (half corn; HC). All the concentrate combination 
scenarios on each cluster are represented in Table 2. 
Chemical composition of each concentrate scenario is 
depicted in Table 3, including CP, NDF, ADF, NFC, 
ash, and GE. Crop land needed to produce the nec-
essary amount of grain for each diet was modified as 
appropriate for the different diets. The BL was used 
as the base scenario for comparison. Dry matter intake 
in each cluster fulfilled the cow’s nutrient requirement 
(Hardie et al., 2014); the diet ration in each cluster and 
concentration scenario also fulfilled the cow’s protein 
and energy requirements according to NRC (2001) cal-
culations (data not shown).

Assumptions

The GHG evaluated in this study in the context of 
crop production were N2O and CH4. Carbon dioxide 
emitted by livestock and CO2 from plant respiration 
were considered as part of the continuous biological 
process of carbon fixation, utilization, and respiration 
(Knapp et al., 2014), and therefore not included. Sec-
ondary emissions of transportation and machinery fuel 
combust, electricity, and plastic use were not included 
in this study because data for these calculations (i.e., 
fuel usage, electricity, transportation) were not avail-
able from the original survey.

Base land area required for crop production were 
calculated using 16-yr yield averages from WICST to 
project hectares of production used to supply the feed 
volumes reported by farms characteristic of the differ-
ent clusters. This projection includes both land that 
was used by the dairy directly as well as land associated 
with production of purchased feed.

The pasture system on the WICST trial was not 
managed using certified organic production methods; 
however, the only external inputs used in this system 
(in addition to manure deposited by grazing cows) were 
minimal applications of synthetic fertilizer and spot-
treatment of noxious weeds with clopyralid herbicide. 
As per the IPCC (2006b) estimations, 1% of total N ap-
plied is lost as N2O emissions, regardless of the source 

of the N. Thus, assumptions were made that similar 
yields would be produced from an organically man-
aged pasture, and that organic farmers would apply 
the equivalent amount of N as manure, with a similar 
proportion of N lost as N2O.

Colmenero and Broderick (2006) found that replac-
ing corn grain with soybean meal did not affect DMI, 
milk production, or diet digestibility when dietary CP 
level increased from 17.8 to 19.4%, which was similar to 
the dietary CP range of our study. In addition, Sirohi 
et al. (2011) found that replacing raw soybean with 
roasted soybean had no effect on performance (DMI 
and milk production) in lactating crossbred cows. 
Therefore, DMI and milk production were assumed to 
be constant, regardless of the combination of CG and 
SB in the ration.

RESULTS

Allocation to Milk and Meat

Clusters 1, 3, and 4 had similar allocation factors to 
milk (0.82–0.85); however, cluster 2 had a lower alloca-
tion factor (0.71) as compared with the other 3 clusters 
(Table 1). Cluster 2 had low milk production and a 
greater proportion of first-lactation cows, both of which 
contribute to the low allocation factor to milk.

Land Required and Associated Emissions

Average annual DM yields (mean ± SD,) of crops 
were 8,530 ± 1,941, 22,838 ± 5,194, 2,772 ± 757, 11,057 
± 1,353, 9,399 ± 1,150, and 8,454 ± 2,921 kg of DM/
ha for CG, corn silage, SB, alfalfa hay, alfalfa haylage, 
and pasture grass, respectively. As the proportion of 
CG decreased in the ration and the proportion of SB 
increased, total cropland needed to supply the concen-
trate feed increased for all 4 clusters (Table 4) due to 
the relatively lower yields of SB than CG.

On a per-cow basis, cluster 1 required the greatest 
land base for feed production, followed by clusters 3, 
4, and 2. The land demand required for feed produc-
tion, as determined by average crop yields from WICST 
and the amount of feed defined by the different feeding 
strategies, trended with the total DMI per cow per day 
of each cluster (22.1, 15.2, 20.9, and 18.1 kg of DM/cow 
per day, for clusters 1, 2, 3, and 4, respectively). Cluster 
2 used the largest pasture areas and the least row crop-
land of the 4 cluster, due to its long grazing period and 
heavy reliance on pasture for feeding. Clusters 3 and 4 
were moderate with respect to their land base needs for 
feed production, falling between the other 2 clusters. 
Milk production per hectare of land (kg of ECM/ha of 
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land) was highest in cluster 3, followed by clusters 4, 
1, and 2. Increasing SB proportion in concentrate de-
creased the milk production per hectare of land because 
of lower yield of SB, compared with CG (Table 4).

Cropland and Pasture N2O Emissions

The per-hectare emission from each type of cropland 
or pasture, including direct N2O emission from crop 
and cover crop residue, indirect N2O emissions from N 
leaching and NH3 volatilization, and ∆SC, are depicted 
in Table 5. Without accounting for ∆SC, the production 
of organic corn resulted in the greatest N2O emissions 
(1,569 kg of CO2 eq./ha), followed by the production of 
organic alfalfa hay, pasture, and SB. According to 20-yr 
of soil carbon data collected from WICST, all cropland 
and pasture data indicated a loss of soil carbon, with 
the magnitude of loss greater in row crops and less in 
perennial forage and pasture systems (Table 5).

Direct N2O from crop and cover crop residual was 
the major component of total N2O emission in alfalfa 
hay, SB, and pasture. Estimated indirect N2O emissions 
resulting from leaching and volatilization were substan-
tially lower for SB compared with other crop types and 
pasture, although still relatively low within the other 3 
crop types (Table 5).

Total N2O emissions (average at 102 kg of CO2 eq./t 
of ECM) from cropland (including row crops and pas-
ture), as depicted in Table 6, contributed to 8.0% of 
total GHG emission per kilogram of ECM (average at 
1,297 kg of CO2 eq./t of ECM). Overall, the clusters 
with feeding strategies emphasizing more time on pas-
ture (2 and 4) resulted in lower GHG emissions associ-
ated with cropland, both with and without accounting 
for ∆SC. Average N2O emission from cropland was 107, 
102, and 97 kg of CO2 eq./t of ECM with the AC, BL, 
and HC scenarios, respectively. Without considering 
∆SC associated with the land required for feed produc-
tion of each of the clusters, emissions decreased as the 
proportion of SB in the diet increased because of lower 
N fertilization requirements of SB as compared with 
CG.

When evaluated on a land emissions per metric tonne 
of ECM basis without accounting for ∆SC, cluster 2 
had the greatest GHG emissions, followed by clusters 1, 
4, and 3. However, when accounting for ∆SC associated 
with the various crop rotation and production strate-
gies, these rankings changed. Cluster 1 had the greatest 
land GHG emission, followed by clusters 4, 3, and 2.

Methane Emission from Enteric Fermentation

Enteric CH4 emission contributed 45.6% of total farm 
GHG emission without ∆SC. Cluster 2 resulted in the T
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greatest enteric CH4 (kg of CO2 eq./t of ECM) emis-
sion, followed by clusters 4, 1, and 3. Average enteric 
CH4 emission was 593, 592, and 591 kg of CO2 eq./t of 
ECM with the AC, BL, and HC scenarios, respectively. 
Increasing the SB proportion in concentrate resulted 
in a limited reduction in the enteric CH4 emission per 
kilogram of ECM due to its higher fat content. Ranking 
among clusters remained the same under all 3 concen-
trate scenarios.

Methane and N2O Emission  

from Manure Management

Emissions (both N2O and CH4) from manure manage-
ment contributed 26.3% to the farm total GHG emission 
without ∆SC. Emission of both GHG occurred during 
manure management processes. Nitrous oxide was pri-
marily emitted as a result of direct manure deposition 
on the pasture and after manure applied on cropland, 
whereas CH4 emission associated with manure storage 
was much greater than deposited manure on pasture 
and manure land application (Table 6). Higher SB pro-
portions in concentrate increased the dietary CP (Table 
3) content and led to greater N content in manure, 
which eventually increased N2O emission during manure 
management. Higher SB proportion in concentrate also 
increased manure volatile solid content by increasing 
dietary GE content, which led to higher CH4 emissions 
during manure management.

Greenhouse gas emissions from manure deposited 
on pasture during grazing, including N2O and CH4 in 
kilograms of CO2 eq., are reported in Table 6 on an 
emission per metric tonne of ECM basis. Cluster 2 had 
the greatest GHG emission from manure deposited on 
pasture, followed by clusters 4, 1, and 3. This rank-
ing was the same as the grazing time on pasture (i.e., 
cluster 2 had the longest grazing time on pasture over a 
year, followed by clusters 4, 1, and 3; Table 1). Despite 
cluster 4 had higher allocation factor to milk than clus-
ter 2 (0.84 vs. 0.71; Table 1), greater ECM production 
in cluster 4 resulted in decreased GHG emission per 
metric tonne of ECM (5,495 vs. 3,857 kg/cow per year; 
Table 1).

Manure Storage

Emission from manure storage was greatest from 
cluster 1, followed by clusters 2, 4, and 3 (Table 6).

Manure Land Application

Nitrous oxide was the dominant GHG resulting from 
manure applied to the cropland (Table 6). Total GHG 
emissions per metric tonne of ECM (for both milk and 
meat) after manure land application were greatest in 
cluster 2 and followed by cluster 1. Cluster 3 was the 
lowest in AC and BL, whereas cluster 4 was the low-
est in HC (Table 6). Allocation factors changed the 
comparison between clusters. Cluster 1 had the highest 
GHG emission allocated to per metric tonne of ECM 
in BL and HC, whereas cluster 2 had the highest GHG 
emission allocated to per metric tonne of ECM in AC. 
Cluster 3 had the lowest GHG emission allocated to per 
metric tonne of ECM in BL and AC, whereas cluster 
4 had the lowest GHG emission allocated per metric 
tonne of ECM in HC.

Replacement Heifer Emission

Replacement heifer GHG emission was 20.1% of total 
GHG emission per metric tonne of ECM without ∆SC. 
Cluster 2 had the highest replacement heifer emission, 
followed by clusters 1, 4, and 3. Replacement heifer 
emission per kilogram of ECM was highly related to 
percent of first-lactation cows and milk production.

Farm-Level GHG Emission

Farm-level GHG emission results were reported in 
Table 7. Farm-level GHG emission per metric tonne of 
ECM ranking was similar with and without considering 
∆SC. The HC scenario had the greatest GHG emis-
sion per metric tonne of ECM and the value decreased 
as SB proportion in concentrate decreasing. Cluster 2 
had the highest emission per metric tonne of ECM and 
cluster 3 the lowest emission per metric tonne of ECM 
under all 3 scenarios.

Table 5. Nitrous oxide emission per hectare of cropland and pasture (mean ± SD, kg of CO2 equivalents/ha per year), including direct N2O 
emission from crop and cover crop residue, indirect N2O emissions from N leaching and NH3 volatilization, and soil carbon change (∆SC)1

Item Corn Soybean Hay Pasture

Direct N2O emission from crop and cover crop residue 372 ± 84 135 ± 37 912 ± 112 297 ± 102
Direct N2O emissions from N applied as fertilizer and manure inputs 782 ± 120 0 0 178 ± 315
Indirect N2O emissions from leaching and volatilization 416 ± 56 30 ± 8.3 205 ± 25 249 ± 137
Total N2O emission per hectare of land without ∆SC 1,569 ± 206 165 ± 45 1,117 ± 137 723 ± 543
∆SC −2,310 −2,347 −2,310 −30
Total N2O emission per hectare of land with ∆SC 3,879 ± 206 2,512 ± 45 3,427 ± 137 753 ± 543

1Negative values of ∆SC indicate soil carbon loss.
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DISCUSSION

Production System and Functional Unit

The primary objective of our paper was to evaluate 
the effect of different herd feeding strategies to inform 
best strategies to reduce the GHG emission of Wis-
consin dairy farms transitioning to organic production, 
using real-world values with respect to herd manage-
ment, DMI, and crop production variables. Taking into 
account in-field emissions associated with crop produc-
tion required to meet feed needs, as well as the GHG 
emissions resulting from herd enteric fermentation and 
manure production and management, our goal was to 
holistically assess the combined effect of feeding strate-
gies and the associated manure and land use manage-
ment on GHG emission. Although integrating both the 
crop and animal management effects on GHG emis-
sions, we focused our assessment on calculations using 
per metric tonne of ECM as the functional unit in the 
dairy production system. Whereas emissions per metric 
tonne of ECM is the most widely used functional unit 
in dairy farm LCA (Thomassen and De Boer, 2005; 
Opio et al., 2013), the evaluation of emissions on a 
per-hectare of land and a per-cow basis may provide 
unique interpretations and insights into LCA for or-
ganic dairies. Expressing GHG emissions as per-hectare 
of land may more accurately reflect the effects of land 
use change and optimization of crop production ap-
proaches, thus affecting the creation of policies that 
promote the expansion of pasture-based feed strategies 
and related incentives with respect to carbon sequestra-
tion potential. Expressing results as per-cow can pro-
vide estimates of changes in emissions resulting from 
herd expansion, as well as provide comparisons of the 
relative emissions of herds with varying genetics. In the 
results described above, estimations of farm-level emis-
sions (including row and pasture cropland, associated 
soil carbon change, enteric fermentation, and manure 
management) reflected several aspects of management 
and productivity, including herd size, feeding strate-
gies, and herd productivity.

Although secondary emissions were not included in 
this assessment, they can contribute substantially to 
the farm-level GHG emission. Secondary emissions in-
clude emissions from concentrate production, fertilizer 
production, fuel combustion, and electricity (O’Brien et 
al., 2014). Thoma et al. (2013) estimated farm energy 
(both electricity and fuel on farm) contributed 4% to 
the carbon footprint of fluid milk in the United States 
across the entire supply chain and 12.8% of GHG emis-
sion on farm (feed and milk production). However, when 
considering secondary emissions on Wisconsin’s organic 
dairy farms, several of these emission sources can be 

considered negligible. Emissions associated with fertil-
izer production are minimal within organic production 
systems due to prohibited use of synthetic nitrogen. 
Emissions associated with transportation of feed could 
be greater for organic farms than conventional farms, 
as organic feed may be less readily available in certain 
areas of the United States; however, the majority of 
organic dairy farms in Wisconsin produce enough feed 
within their own operation to meet their herd’s require-
ments.

However, across organic management strategies for 
organic dairies, differences in secondary emissions may 
emerge due to different herd management approaches. 
Organic farms with longer grazing time may have lower 
energy usage than the organic farms with shorter graz-
ing time due to less electricity in lighting, ventilation, 
and so on (Rotz et al., 2010). Farms that heavily relied 
on concentrate (i.e., cluster 1 and 3) may have higher 
secondary emission from concentrate production than 
farms that have greater intake from pasture (clusters 
2 and 4). Despite these potential secondary emission 
difference between clusters, if secondary emissions were 
included in our analyses, cluster 3 would remain low-
est with respect to GHG emission per metric tonne of 
ECM, and cluster 2 would remain the highest due to 
the magnitude of difference between clusters 3 and 2 
(31.6%). However, the inclusion of secondary emissions 
may change the comparison between cluster 4 and 1, as 
the 2 clusters were more similar in GHG emissions per 
metric tonne of ECM.

Clusters 1, 3, and 4 had a close allocation factor as 
compared with the default value of 0.856 from IDF 
(2010). The low allocation factor to milk in cluster 2 re-
duced the difference of GHG emission allocation to per 
metric tonne of ECM among clusters. Although cluster 
2 had the lowest milk production in all 4 clusters, the 
high percent of first-lactation cows and number of bull 
calves sold per year distributed a larger proportion of 
GHG emission to meat and decreased the allocation 
factor to milk.

Soybean Proportion in Concentrate  

and GHG Emission

Overall feeding strategies, as well as the SB propor-
tion in the concentrate, influenced the land demand 
and associated field GHG emission, enteric CH4 emis-
sion, and manure GHG emission associated with farms 
in each cluster. As shown in Table 7, the GHG emis-
sion from in-field emissions and enteric fermentation 
decreased as the proportion of SB in the concentrate 
increased for all clusters, as expressed on a per-metric 
tonne of ECM basis. Decreased reliance on corn in 
the crop rotation resulted in decreased N fertilization 
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required for crop production, further resulting in less 
N2O emissions as compared with strategies more reliant 
on the production of corn. These results (Table 5) are 
similar to results of Osterholz et al. (2014), in which 
direct measurements of N2O emissions were obtained 
from the WICST experiment. Greater SB proportion in 
the concentrate increased dietary ether extract content, 
which could reduce enteric CH4 emission by suppress-
ing rumen methanogen population and reducing fiber 
digestibility (Table 3; Knapp et al., 2014). The higher 
dietary CP due to greater SB proportion in concentrate 
increased the N content in manure with same milk pro-
tein percent and greater GE value increased volatile 
solid value in manure.

Feeding Strategies and Cropping Strategies

We assumed that all the feed was produced under 
the typical organic cropping practices and pasture 
management that are represented in the WICST, ei-
ther produced on-farm or as purchased feed (Table 5). 
Different phases of typical crop rotations in Wisconsin, 
including those in organic production systems, are as-
sociated with different degrees of N2O emissions and 
∆SC (Sanford et al., 2012; Osterholz et al., 2014). Corn 
had the greatest CO2 eq. emission per hectare without 
∆SC, followed by alfalfa hay, pasture, and SB. This 
ranking was primarily driven by the inputs required for 
the production for the associated crops, with N being 
delivered as organically approved amendments.

The effect of cropping system (row crop, hay, and 
pasture) associated with a feeding strategy on GHG 
emissions per hectare of land differed when ∆SC were 
considered. Results from WICST trial failed to demon-
strate the occurrence of soil organic carbon sequestra-
tion, indicating soil carbon loss was occurring in all 
crop production strategies, including grain-, forage-, 
and pasture-based systems (Table 5). However, whereas 
the magnitude of ∆SC was similar (and marked) in 
the row crop and hay systems, ∆SC was nearer to net 
zero in land used for pasture. Thus, pasture demon-
strated lower total GHG emissions per hectare of land 
than other crop types. The WICST is unique in that 
it considers the longevity and the breadth of cropping 
system approaches, intended to mirror the agricultural 
landscape of the upper Midwest region of the United 
States. Many other long-term systems trials focus on 
row crops and do not include a pasture treatment. The 
nearest comparison, both with respect to location and 
approach, might be the long-term experiment at the 
Kellogg Biological Station at Michigan State Univer-
sity; that long-term experiment included a mown grass-
land treatment, but not a managed pasture specifically 
(Grandy and Robertson, 2007). Whereas such studies 

show more carbon sequestration potential in the mown 
grassland, trends are similar to what has been found 
at the WICST, with alfalfa and grassland treatments 
demonstrating higher soil carbon levels as compared 
with other annual row crop treatments.

More generally, research has demonstrated that pe-
rennial grasslands are often found to be net C sinks 
(Allard et al., 2007; Soussana et al., 2007; Peichl et 
al., 2011), and management intended to increase forage 
production increases soil carbon (Conant et al., 2001; 
Allard et al., 2007; Ammann et al., 2007). However, the 
degree to which pastures sequester carbon can vary; 
Skinner and Dell (2015) found that a high-fertility pas-
ture that had been perennial grassland for more than 
40 yr was a significant net CO2 source, whereas a lower-
fertility pasture that had been tilled and replanted more 
recently was neither a source nor a sink. Additionally, 
the degree to which land under various management 
strategies sequesters or loses carbon can decrease over 
time, as previously depleted stocks are replenished and 
soils return to equilibrium conditions where inputs and 
outputs are balanced (Smith, 2004).

Grazing Practice and GHG Emission

Previous studies have demonstrated that pastures 
can sequester carbon by building soil OM (Powlson et 
al., 2011; Stockmann et al., 2013; Machmuller et al., 
2015). However, the data derived from the rich Mollisol 
soils of the WICST trial showed that, although pastures 
were closer to achieving zero net emissions, pastures 
do not necessarily sequester substantial amounts of soil 
carbon as measured in the 20-yr timeframe represented 
in the WICST (Sanford et al., 2012). Nevertheless, 
pasture-based systems were shown to lose less carbon 
than other crop-production strategies, which explained 
the low GHG emission from cluster 2 under BL and AC 
considering ∆SC.

When considering the effect of increased incorpora-
tion of pasture into an organic dairy feeding strategy 
on GHG emissions, our analysis, using real-world milk 
production values achieved by organic farms using these 
feeding models, illustrates several important points 
that must be considered when assessing the benefits of 
pasture-based production. First, from the data collect-
ed on working organic farms through the Hardie et al. 
(2014) survey, farms that were more heavily integrat-
ing pasture into feeding strategies tend to have lower 
overall milk productivity. This was particularly evident 
in cluster 2, which almost solely relied on DMI from 
pasture for herd’s feed needs, to the point of employing 
a seasonal milking strategy with drying off periods dur-
ing the off-pasture season (Table 1). Additionally, this 
difference further magnified when comparing clusters 3 
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and 4; whereas both strategies significantly integrated 
pasture into the herd feeding strategy, as required by 
organic regulation, cluster 4 tended to integrate more 
herd time on pasture while still supplementing with the 
same quantity of feeds, with an observed decrease in 
milk production (Tables 1 and 2). More intensive graz-
ing practices led to higher GHG emission per metric 
tonne of ECM (Table 6; Figure 1), as intensive grazing 
practices combined with low concentrate inputs were 
associated with a decrease in milk production.

In addition to emissions related to differences in 
cropping systems associated with feeding strategies, 
the high protein content of pasture grass (Appendix 
Table A1) increased diet CP during the grazing season, 
which resulted in higher N2O emission by increasing 
the amount of nitrogen deposited on pasture. Longer 
time on pasture resulted in greater forage intake, which 
increased enteric fermentation. The magnitude of dif-
ference between the clusters with respect to grazing 
deposits were much greater compared with manure 
storage and spreading associated emission.

Our results align with Basset-Mens et al. (2009) and 
O’Brien et al. (2016), which demonstrated the positive 
effect of increased milk production on decreasing GHG 
emissions per unit of milk. Compared with Wisconsin, 

Ireland experiences a longer grazing season (248 and 
198 d for Ireland and Wisconsin, respectively; O’Brien 
et al., 2016). However, average milk production (3,764 
kg of milk/cow per year delivered in New Zealand, 5,181 
kg of fat- and protein-corrected milk production per 
cow per year in Ireland, and 5,793 kg of ECM/cow per 
year in Wisconsin; Basset-Mens et al., 2009; O’Brien 
et al., 2016) was lower in Ireland than Wisconsin, with 
similar values reported from New Zealand. Feed supple-
ment (concentrate, corn silage, alfalfa hay, and alfalfa 
haylage) differed across the 3 regions, with amounts of 
concentrates fed (1.1 kg/cow per day in New Zealand, 
1.7 kg/cow per day in Ireland, 5.5 kg/cow per day in 
Wisconsin) lower in New Zealand and Ireland as com-
pared with Wisconsin, with higher DMI derived from 
pasture. In New Zealand and Ireland, dairy farms aim 
to maximize milk production from pasture through ex-
tending the grazing period and implementing seasonal 
calving before the start of the grazing season. How-
ever, among the Wisconsin organic dairy farms, only 
low-input organic farms (cluster 2) fully implemented 
seasonal calving.

Although similarities exist with results of studies con-
ducted in other regions, differences between our results 
and those obtained from pasture-based and low-input 

Figure 1. Relationship between grazing time on pasture (d/yr) and greenhouse gas (GHG) emission allocated to milk. Cluster 1 (C1) fed the 
greatest amount of concentrate; cluster 2 (C2) grazed the longest time and fed the least concentrate; clusters 3 (C3) and 4 (C4) were moderate 
between clusters 1 and 2. CO2 eq. = CO2 equivalents.
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farms in other countries may be reflective of the shorter 
length of the pasture season in Wisconsin’s colder 
climate. With less time annually to maximize forage 
production, many Wisconsin organic farms (clusters 1, 
3, and 4) feed more feed supplement, which translates 
into higher milk production (Hardie et al., 2014). Only 
the lower-input Wisconsin organic dairies (cluster 2) 
had similar feed supplement inputs (2 kg/cow per day) 
compared with New Zealand and Irish farms; however, 
with a shorter grazing season, Wisconsin farms also 
experienced lower milk production. Different grazing 
seasonality, pasture availability and quality, feed prices, 
and milk prices may all influence farmer’s decisions and 
choices of management strategies; thus, the GHG emis-
sions associated with farms elected to employ pasture-
based and low-input methods.

GHG per Metric Tonne of ECM

Results of our study agree with previous results 
demonstrating that GHG emissions are negatively cor-
related with milk production, with high production 
diluting the emission from maintenance (Figure 1), and 
that that high-producing herds had lower GHG emis-
sions per kilogram of ECM (Liang and Cabrera, 2015). 
Higher milk production is associated with higher DMI, 
which may lead to higher land requirements and more 
enteric fermentation. However, when considering emis-
sion per metric tonne of ECM, the benefits of higher 
milk production outweigh the greater emissions from 
the field or the intestine. The calculations demonstrate 
greater GHG emissions from farms heavily reliant on 
pasture (cluster 2) on a per-metric tonne of ECM basis 
(Figure 1). Strategic supplementation of concentrate to 
lactating cows during the grazing season could overall 
lower emissions per kilogram of ECM by increasing 
production. More concentrate in the diets resulted in 
an increase in milk production. The implementation 
of improved pasture management or grazing practices 
(e.g., management-intensive rotational grazing.), in-
cluding the maintenance of optimal carbohydrate and 
protein concentrations in the forage, are essential to 
maintain high pasture quality to optimize increase milk 
production, as more than 30% of DMI must be from 
pasture. Other methods to improve productivity include 
improving reproductive performance and health status, 
which indirectly reduce GHG emission per metric tonne 
of ECM.

Organic Dairy Farm Considerations and Challenges

Increasingly, pasture-based systems have been 
promoted as tools to reduce the carbon footprint of 

livestock production systems and are discussed in the 
development of policy decisions (Merrill et al., 2015). 
Whereas our study supports the benefit of pasture from 
a crop-production perspective, it also demonstrates 
that, within a broader system context, the assessment 
becomes more nuanced as GHG emissions generated 
from livestock management are integrated into the cal-
culations, particularly when the related productivity is 
taken into account.

Whereas pasture can remain a strategy to lower over-
all GHG emissions from certain livestock production 
approaches, more holistic optimization of management 
must be achieved to ensure pasture quality, pasture pro-
ductivity, and milk production that balances produc-
tion, profit, and sustainability goals. On many organic 
dairy farms, pasture productivity may require further 
management improvements, with yields and DM pro-
duction not reaching their potential; thus, some organic 
dairies may not derive the feed value potential of this 
crop land base, affecting milk production. Organic 
dairy farms with well-managed grazing practices and 
adequate levels of concentrate in diet can both increase 
farm profitability (Hardie et al., 2014) and reduce GHG 
emission per kilogram of milk.

Effects of different dairy breeds on farm produc-
tion and GHG emissions were not strongly included in 
this project; however, breeds of cows in organic farms 
strongly influence milk production and BCS (Roesch et 
al., 2005). Hristov et al. (2013) also suggested a possible 
breed effect on GHG per kilogram of milk, as Holsteins 
may have lower feed efficiency and lower protein and 
fat content in milk than other dairy breeds raised on 
pasture. Organic dairy farms must emphasize health 
traits, longevity, and fertility in addition to milk pro-
duction in their breeding programs (Hardarson, 2001). 
Cows on some organic dairy farms (such as cluster 2) 
may have a herd with lower genetic potential of milk 
production than on the other farms, although they may 
be better suited for the different health needs of cows 
raised on pasture.

Additionally, the assessment of GHG emissions 
becomes further complicated by other nonproduction 
variables faced by organic dairy farms that were not 
considered in our study. These considerations and chal-
lenges include achieving the standards outlined in the 
federal organic regulation, land suitability (both on-
farm and locally) for the production of tillage-intensive 
annual crops, marketing strategies of organic products, 
overall feed source stability and security, and farm fi-
nancials. Further research is also needed on the effect 
of grazing management and feeding strategies on non-
GHG environmental performance, such as biodiversity, 
ammonia volatilization, and N leaching and P run-off 
in organic dairy farms.
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CONCLUSIONS

Growing organic demand by consumers may attract 
conventional farms to transition to organic certification. 
During transition, farmers must make critical manage-
ment decisions to meet organic regulations while con-
sidering environmental and production performance. 
Two decisions foundational to organic dairy farm man-
agement, herd feeding strategies and grazing practices, 
influence on-farm GHG emissions not only due to emis-
sions related to crop production, but by substantially 
changing the productivity of the herd. Managing more 
land as pasture, and deriving a greater proportion of 
the herd feed requirements from pasture, can increase 
the GHG emissions per metric tonne of ECM if pasture 
and feed management are not optimized to maintain 
milk production potential. Different combinations of 
corn grain and soybean in concentrate had a relatively 
minor effect on emissions per metric tonne of ECM. 
Future research is needed to simultaneously optimize 
crop and milk production, GHG emissions, and farm 
profitability on organic dairy farms.
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Appendix

Table A1. Manure management of CH4 and N2O emission factors from IPCC (2006a,b), including manure deposited on pasture during grazing, 
liquid manure storage, and manure spread to the field

Emission source  Prediction equation or emission factor1  Unit

Enteric fermentation   
 Methane (CH4) −9.311 + 0.042 × GE + 0.094 × NDF − 0.381 × ether extract 

+ 0.008 × BW + 1.621 × MF
MJ/cow per day

Deposited manure during grazing   
 Nitrous oxide (N2O) 0.02 × manure N deposited on pasture kg/kg of N
 Methane (CH4) 0.01 × manure VS deposited on pasture × 0.67 × B0 × 365 kg/yr
Manure storage   
 Nitrous oxide (N2O) 0.005 × slurry manure N stored kg/kg of N
 Methane (CH4) 0.1 × manure VS stored × 0.67 × B0 × 365 kg/yr
Manure land application   
 Nitrous oxide (N2O) 0.01 × manure N spread kg/kg of N
 Methane (CH4) 0.001 × manure VS spread × 0.67 × B0 × 365 kg/yr
Replacement heifer greenhouse gas emission 11 × BW × 0.92 × percent of first-lactation cow × herd size kg of CO2 equivalents/

farm per year

1GE = gross energy, MJ/cow per day; BW, kg/cow; MF = milk fat, %; 

VS = volatile solid, kg

Gross energy  intake, MJ/d
Feed d

=

× −1
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Feed digestibility was set as 65% according to North America dairy cattle default digestibility value (Table 10A in IPCC, 2006a). B0 = the 
maximum methane-producing capacity, set as 0.24 according to North America dairy cattle default value (Table 10A in IPCC, 2006a).

Table A2. Average feed ingredient chemical composition1

Item
Corn  
grain

Soybean  
(whole seed)

Corn  
silage

Alfalfa  
hay

Alfalfa  
silage Pasture

Vitamin  
and mineral

CP (% of DM) 9.4 39.2 8.8 20.2 21.9 26.5 0
NDF (% of DM) 9.5 19.5 45 39.6 43.2 45.8 0
ADF (% of DM) 3.4 13.1 28.1 31.2 35.2 25.0 0
Lignin (% of DM) 0.9 1.2 2.6 7 7.3 2.1 0
Ether extract (% of DM) 4.2 19.2 3.2 2.1 2.2 2.7 0
Ash (% of DM) 1.5 5.9 4.3 10 10.5 9.8 100
NFC (% of DM) 75.4 16.2 38.7 28.1 22.2 15.2 0
Gross energy (MCal/kg DM) 4.5 5.5 4.3 4.2 4.2 4.3 0

1Crude protein, NDF, ADF, ether extract, ash, and NFC values were calculated as the mean of book values from NRC (2001). Gross energy 
value calculated based on CP, ether extract, and carbohydrate value in each ingredient as

Gross energy, Mcal/kg of DM
carbohydrate, % CP, %

=
× + ×4 15 5 7. . ++ ×( )9 4

1 000
4 184

.

,
/ . .

ethter extract, %
 

Carbohydrates ash, % ether extract  , % CP, %.= − − −100
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