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Abstract

The U.S. dairy industry considerably reduced environmental impacts between 1944 and 2007, primarily through improved
dairy cow productivity. However, although milk yield per cow has increased over the past decade, whole-system
environmental impact analyses have not been conducted over this time period, during which environmental modeling
science has improved considerably. The objective of this study was to compare the environmental impact of U.S. dairy
cattle production in 2007-2017. A deterministic model based on population demographics, metabolism, and nutrient
requirements of dairy cattle was used to estimate resource inputs, nutrient excretion, and greenhouse gas (GHG) emissions
per 1.0 x 10° t (one million metric t or MMT) of energy-corrected milk (ECM) produced in 2007 and 2017. System boundaries
extended from the manufacture and transport of cropping inputs to milk at the farm gate. Milk transport, processing, and
retail were not included. Dairy systems were modeled using typical management practices, herd population dynamics,

and production data from U.S. dairy farms. Cropping data were sourced from national databases. The resources required to
produce 1.0 MMT ECM in 2017 were considerably reduced relative to those required in 2007, with 2017 production systems
using 74.8% of the cattle, 82.7% of the feedstuffs, 79.2% of the land, and 69.5% of the water as compared to 2007. Waste
outputs were similarly reduced, with the 2017 U.S. dairy industry producing 79.4%, 82.5%, and 85.7% of the manure, N, and P
excretion, respectively. Dairy production in 2017 emitted 80.9% of the CH, and 81.5% of the N,O per 1.0 MMT ECM compared
to 2007. Enteric and manure emissions contributed the major proportion (80%) of GHG emissions per unit of milk, with
lesser contributions from cropping (7.6%) and fertilizer application (5.3%). The GHG emissions per 1.0 MMT ECM produced
in 2017 were 80.8% of equivalent milk production in 2007. Consequently, although total U.S. ECM production increased by
24.9% between 2007 and 2017, total GHG emissions from this milk production increased by only 1.0%. In line with previous
historical analyses, the U.S. dairy industry has made remarkable productivity gains and environmental progress over time.
To maintain this culture of continuous improvement, the dairy industry must build on gains made to date and demonstrate
its commitment to reducing environmental impacts while improving both economic viability and social acceptability.
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Introduction

The environmental impact of producing animal source
foods is a critical topic of policy discussion in domestic and
international governments, social media, the popular press,
and the consumer marketplace. In 2006, the U.S. dairy industry,
in conjunction with other livestock industries worldwide, was
rocked by an Food and Agricultural Organization of the United
Nations (FAO) (2006) assertion that livestock contributed more
to global greenhouse gas (GHG) emissions than transportation.
This claim was withdrawn after critical review (Pitesky et al.,
2009) and has since been revised, with current estimates
suggesting that global livestock production accounts for 14.5%
and dairy, specifically, for 2.9% of GHG emissions (FAO, 2013).
Nonetheless, livestock’s contribution to the environmental
impacts associated with food production are significant
concerns for all food chain stakeholders, including livestock
producers who play a major role in reducing environmental
impacts per unit of food. The environmental impacts of
improving livestock productivity have been demonstrated
in multiple studies, ranging from historical analyses of the
impacts of improving dairy cattle productivity between 1944 and
2007 (Capper et al., 2009) to comparisons between specific dairy
breeds (Capper and Cady, 2012), livestock production systems
(Olesen et al., 2006; Weiske et al., 2006; Capper et al., 2008; Bartl
et al., 2011, Christie et al., 2011; Gerber et al., 2011), regions (FAO,
2010), or key performance indicators (KPI) and associated traits
(Garnsworthy, 2004; Casey and Holden, 2005; Bell et al., 2011,
Zehetmeier et al., 2011; Wall et al., 2012; Bell et al., 2013; White,
2016; Mostert et al., 2018; Ozkan Giilzaria et al., 2018). As dairy
systems become more productive, efficiency improves via the
dilution of maintenance effect (Bauman et al., 1985; VandeHaar
and St-Pierre, 2006) and both resource use and GHG emissions
are reduced per unit of milk, yet monitoring changes in food
production processes, yields, and environmental impacts is a
time-consuming and expensive undertaking. Therefore, point-
in-time estimates become dated very quickly yet continue to be
widely cited, often leading to incorrect conclusions regarding
progress to reduce environmental impacts of food production.
Despite the Memorandum of Understanding between the U.S.
Department of Agriculture (USDA) and the Innovation Center for
U.S. Dairy (USDA, 2018), with the goal of reducing GHG emissions
from the U.S. dairy cattle industry by 25% by 2020 (compared
to a 2007 baseline), there is little information available on the
gains conferred by improved nutrition, genetics, technology,
and management over the past decade. Additionally, from 2007
to 2017, U.S. milk production increased from 14.7% of global
cattle milk market share to 15.6%, while the U.S. milking cow
population declined slightly from 3.7% to 3.4% of the global dairy
cattle population in spite of a slight numerical increase (FAO,
2019). The last in-depth quantifications of the environmental
impact of U.S. milk production were based on data from the
middle of the last decade (Capper et al., 2009; Thoma et al.,
2013). Milk yield has continued to increase in U.S. dairy cows
since the 1950s, increasing by an average of 1.4% compounded
annually between 1980 and 2017, while annual milk yield per
cow has increased linearly, with a regressed mean of 141 kg/yr
(USDA, 2019). Furthermore, other animal and herd performance
factors have changed (e.g., milk composition, age at first calving,
and calving interval), which are important for quantifying
dairy’s environmental footprint (Capper and Cady, 2012). We
used a more detailed, updated deterministic model based on
cattle nutrition, metabolism, and herd population parameters
to update the information previously published by Capper

et al. (2009) to estimate the changes in environmental impacts
(resource use, nutrient excretion, and GHG emissions) resulting
from improvements in U.S. dairy herd performance, milk yield,
and crop production over the decade from 2007 to 2017.

Materials and Methods

Environmental impact was assessed using a deterministic model
based on animal nutrition, metabolism, and herd population
parameters founded on life cycle assessment (LCA) principles.
Given that this study used data from existing published reports
and databases, approval from an animal care and use committee
was not required. The evaluation was designed to compare the
environmental impact (resource use, nutrient excretion, and
GHG emissions) of U.S. milk production from dairy cattle over
the decade between 2007 and 2017. Cropping and dairy systems
were modeled according to typical characteristic practices
and performance metrics for the two time points according
to published production data, with system inputs, cattle
demographic dynamics, and basic procedures as first described
by Capper et al. (2008) and later updated in Capper et al. (2009)
and Capper and Cady (2012).

System boundaries extended from the production of feed
and forage crops (including manufacture of cropping inputs,
e.g., herbicides, pesticides, and fertilizers, plus water used for
irrigation) through to and including milk harvest. The impacts
of milk transportation, off-farm processing, packaging, and
consumption were not included, neither were specific on-farm
technologies and practices (e.g, manure processing and
application) not directly related to animal feeding, care, and
handling. A number of coproducts and byproducts originate
from dairy cattle production, including (but not limited to) beef,
veal, leather, pharmaceuticals, and bone meal. Ideally, the total
environmental impact would be allocated between the principal
product (milk) and all coproducts and byproducts; however, this
was beyond the scope of the current investigation. To provide
consistency with the Capper et al. (2009) paper and to ensure
that the results were as conservative as possible, the decision
was, therefore, made not to apply allocation within this analysis.
The functional unit by which environmental impact was
assessed was the production of 1.0 x 10° t (one million metric
tons or MMT) of salable energy-corrected milk (ECM) calculated
from the Tyrrell and Reid (1965) formula: ECM = (0.327 x M)
+ (12.95 x MF) + (7.2 x MP), where M is kg of milk, MF is kg of
milk fat, and MP is kg of milk protein. The fundamental unit of
evaluation was one animal day (AD; impact of a single animal in
1 d) for various age by gender groups within the U.S. dairy cattle
population. Because annual averages were the source of input
data, annual impact was based on an animal year (AY: 365 x
number of required AD). An AY is equivalent to one animal per
year. There was no accounting for seasonality effects and herd
size and the rate of passage of animals through the population
was assumed constant within a single year. This analysis
was an extension of the previous Capper et al. (2009) report,
yet a new 2007 baseline was established for several reasons,
including: the fundamental unit of milk production being more
accurately expressed as ECM, whereas, in the 2009 report, it was
simply quantified on the basis of milk yield (not accounting for
component composition); greater detail in the evaluation model
and processes; original data inputs for 2007 being updated or
no longer available; and revision of global warming constants
by the Intergovernmental Panel on Climate Change (IPCC, 2013).
Upgrades to the model since the previous reports include a more



detailed heifer demographic model based on monthly growth
and mortality data, interpolating data published by USDA
(2007b) from birth to first calving, and accounting for culling
by parity number; thus, having a population distribution by
lactation number more representative of the population. Fitting
all performance data within the model started with describing
lactation curves for each year x lactation based on Keown et al.
(1986) and shown in Figures 1la and b. An iterative process was
employed to accurately estimate the required number of AD for
each lactation while preserving the proportion of the population
in each lactation. Due to these updates, results within this report
cannot be directly appended to results reported in Capper et al.
(2009) to obtain a precise delta across the entire time frame of
1944-2017 and, therefore, must be confined to the time period
2007-2017.

Milk production, composition, and cow performance data
varied in availability, accuracy, and national coverage according
to the data source; however, given that the USDA tracks all milk
sales across the United States, a USDA-NASS database (USDA,
2019) was considered to be the most appropriate source for
production statistics; whereas sourcing milk composition data
from the DairyMetrics subscription database (Dairy Records
Management Systems [DRMS], 2018), which is based on
individual cow data rather than data from pooled tanker loads of
milk across multiple farms, was considered to be more relevant.
Documentation of the extent of the U.S. dairy cow population
and milk production was, therefore, extracted from the USDA-
NASS database using the Quick Stats Tool (USDA, 2019). Average
national performance data were captured from the DairyMetrics
database, with performance data for 2007 based on weighted
averages of preserved historical queries made on November 1,
2004, March 14, 2005, and September 29, 2010. This procedure

ASD

Average daily milk vield (kg)

Day of lactation
= - IstLactation - -2nd Lactation —3+ Lactation

Average daily milk yield (kg)

Day of lactation
— - lstLactation — -2nd Lactation —3+ Lactation

Figure 1 (a) Estimated lactation curves for cows in first, second, and third parity
in 2007, derived from Keown et al. (1986). (b) Estimated lactation curves for cows
in first, second, and third parity in 2017, derived from Keown et al. (1986).
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was used because the DairyMetrics database is updated daily
and it was not possible using standard consultant queries to
retrieve historical averages at a specific time point and because
the historical data records from the original 1944-2007 report
were no longer available. Performance metrics for 2017 were
based on an average of DairyMetrics queries performed on
February 3 and February 27, 2018. Average performance metrics
from DRMS were based on an average of 1.96 million cows from
14,232 herds and 2.19 million cows from 11,387 herds of all
breeds from all major dairy regions of the United States for 2007
and 2017, respectively.

Baseline population and performance metrics for both years
are summarized in Table 1. In the intervening decade between
2007 and 2017, total milk production increased by 16.0%
(84.2 x 10° t to 97.7 x 10° t) with a modest 2.2% increase in cow
numbers from 9.19 to 9.39 million. Annual milk yield per cow
increased from 9,164 kg/yr to 10,406 kg/yr (+13.6%). Contrary to
longstanding expectations of an inverse relationship between
milk yield and component concentrations, milk fat and protein
percentages increased by 12.1% and 10.3%, respectively, resulting
in a 22.3% increase in annual ECM yield per cow from 9,150 kg/yr
(2007) to 11,195 kg/yr (2017). Dividing expected lifetime yield by
average days of life from birth to end of life in the herd (whether
by death or removal) resulted in an average daily milk yield per
day of life of 19.1 kg ECM/d in 2007 compared to 22.6 kg ECM/d in
2017, an 18.7% increase.

Various cattle performance factors were included in the model
to account for changes in management over time. Somatic cell
count (SCC) was added to the model as a proxy to estimate milk
loss resulting from both increases in SCC and mastitis incidence.
Average SCC decreased from 350,000 to 250,000 between 2007
and 2017, indicating reduced losses of salable milk. Calving
interval decreased from 14.0 mo to 13.6 mo between 2007 and
2017 and, when combined with a slightly shorter dry period (60
d in 2007 compared to 57 d in 2017), increased the percentage
of productive days during an individual cow’s life within the
milking herd. The overall replacement rate of mature cows by
heifers increased from 33.7% to 36.9%, despite the death rate
being virtually unchanged from 5.3% to 5.2%. This increase in
replacement rate may be due to the increased availability of
heifers from the use of sexed semen, which was not accounted
for in this analysis. The increased replacement rate and shorter
calving intervals in 2017 combined to shorten the average
days of life in the herd by 138 d (4.5 mo), yet cattle produced
an additional 2,705 kg total lifetime ECM. The average calving
percentage increased from 102% annually to 108%, a further
indication that more heifers were available for replacement
in 2017, which again may have been due to increased use of
sexed semen. A 9-d reduction in age at first calving in 2017
(25.7 mo compared to 26.0 mo in 2007) also contributed to the
increased calving percentage. No national summary of dairy
heifer replacement mortality and morbidity has been published
since the USDA (2007b) report; therefore, heifer mortality was
considered unchanged. However, because heifers were calving
earlier, it was assumed that they were growing somewhat faster
in order to achieve the same weight at first calving.

The dairy cattle population for each time point (2007 or
2017) contained both productive animals (lactating cows) and
supporting nonmilk-yielding animals (dry cows, replacement
heifers, and young and mature bulls) as shown in Table 2.
The average primiparous dairy cow weighed 612 kg in 2007
and 635 kg in 2017, and the average multiparous cow weighed
726 kg and 748 kg in 2007 and 2017, respectively. Calves not
destined as herd replacement animals (e.g., bull calves,
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Table 1. Key data input metrics for the 2007 and 2017 U.S. dairy cattle populations

Production parameter 2007 2017

Total U.S. production?, kg/yr 8.42 x 10%° 9.77 x 10%°

Lactation-age females in national herd!, head 9.19 x 10° 9.39 x 10°

Milk yield per cow?, kg/yr 9,164 10,406

Milk fat content (all parities)?, % 3.56 3.99

Milk protein content (all parities)?, % 2.92 3.22

Total U.S. ECM production?®, kg/yr 8.41 x 10%° 10.51 x 10

Energy-corrected milk yield (ECM)? kg/yr 9,150 11,195

ECM lifetime milk yield®, kg 31,184 33,889

ECM daily yield per lactating cow?, kg/d 28.6 36.1

ECM yield per day of life (birth to cull/death)*, kg 19.1 22.6

Somatic cell count?, ‘000 cells/ml 350 250

Calving interval®, d 426 414

Dry period length?, d 60 57

Lactation length?, d 366 357

Cow mortality?, % 5.3 5.2

Expected number of lifetime lactations? 2.97 2.71

Average days of life (birth to cull/death)?, d 1,634 1,496

Overall replacement rate?, % 33.7 36.9

Cows conceiving to natural service’, % 30 30

Cows conceiving to artificial insemination’, % 70 70

Bull:cow ratio (natural service)® 1:25 1:25

Calving rate?, % 102.1 108.0

Bull:heifer calf sex ratio® 51:49 51:49

Twinning rate’, % 5.0 5.0

Mixed sex twins', % 50 50

Stillborn calves, % 5.6 5.6

Heifer calf mortality (live birth—weaning)®, % 6.8 6.8

Heifer mortality (weaning—breeding)®, % 1.9 1.9

Heifer reproductive failure®, % 4.0 4.0

Overall heifer loss (birth to milking herd entry)®, % 19.1 19.1

Age at first calving?, mo 26.0 25.7

Diet forage ingredients? Alfalfa hay Alfalfa hay
Corn silage Corn silage
Grass hay Grass hay

Wheat straw Wheat straw
Diet concentrate ingredients? Corn grain Corn grain

Diet type!?

Soybean meal

Soybean meal

Wet distiller grains

Total mixed ration Total mixed ration

1USDA (2019).

2Calculated as a function of data from DRMS DairyMetrics database (DRMS, 2018) with 2007 data as a weighted average of data accessed on
November 1, 2004, March 14, 2005, and September 29, 2010; and 2017 averaged from data accessed on February 3 and 27, 2018.

Estimated using formula from Tyrrell and Reid (1965).
“Calculated from ECM yield and average days of life.

SRounded to the nearest SCC from the DairyMetrics (DRMS, 2018) SCS score.

°Estimated as a function of mortality data sourced from USDA (2007b).
’Derived from de Vries et al. (2008).
8Derived from Overton (2005).

°Data from review of Cady (1977), Powell et al. (1975), and Silva Del Rio et al. (2007).
“Data from review of Cady and Van Vleck (1978) and Silva Del Rio et al. (2007).

1USDA (2007h).
2Derived from USDA (2016).

freemartins, and excess heifers) were assumed to enter the
beef supply chain immediately after birth and, therefore, their
contribution to dairy’s environmental impact was de minimis.
Average sex ratio, ignoring that conferred by sexed semen use,
and twinning rate (Table 1) were used to estimate the number
of heifer calves born per year. The percentage of mixed sex
twins was used to estimate the number of freemartins to be
removed from the replacement population. Mortality rates as
outlined by USDA (2007b) were allocated across months of life
between birth and first calving to determine survivability of

newborn fertile heifers. Heifer growth rates were based on the
optimum growth curves published by Heinrichs and Losinger
(1998), assuming a weight at first calving of 85% of dairy cow
mature weight. Therefore, heifers in the 2007 population
reached 617 kg bodyweight at first calving (26.0 mo), with an
average weight of 556 kg between conception and parturition
and average daily liveweight gains (DLWG) of 0.79 kg/d
preconception and 0.62 kg/d precalving compared to heifers in
the 2017 population reaching 636 kg bodyweight at first calving
(25.7 mo), an average weight of 573 kg between conception and
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Table 2. Body weight and performance data for each cattle group within the model for 2007 and 2017
2007 2017
Growth Milk Growth Milk
BW, rate, yield, Fat, Protein, ECM, BW, rate, yield, Fat, Protein, ECM,

Cattle group kg kg/d kg/d % % kg/d kg kg/d kg/d % % kg/d
Primiparous lactating cows

4.5 to 13.6 kg milk/d 612 0.68 — — — — 635 0.70 — — — —

13.7 to 27.2 kg milk/d 612 0.68 22.8 3.71 3.05 23.4 635 0.70 23.9 4.02 3.24 25.8

27.3 to 40.7 kg milk/d 612 0.68 30.9 3.71 3.05 31.7 635 0.70 32.4 4.02 3.24 35.0

40.8 to 54.4 kg milk/d 612 0.68 — — — — 635 0.70 — — — —

>54.4 kg milk/d 612 0.68 e — — e 635 0.70 — e — —
Multiparous lactating cows

4.5 to 13.6 kg milk/d 726 — — — — — 748 — — — — —

13.7 to 27.2 kg milk/d 726 — 20.6 3.48 2.86 20.3 748 — 222 3.98 3.21 23.8

27.3 to 40.7 kg milk/d 726 — 335 3.48 2.86 33.0 748 — 33.2 3.98 3.21 35.6

40.8 to 54.4 kg milk/d 726 — 42.1 3.48 2.86 41.4 748 — 44.1 3.98 3.21 47.3

>54.4 kg milk/d 726 — — — — — 748 — — — — —
Other cows

Cows in first 5 days of 726 — 29.1 3.71 3.05 29.9 748 — 31.9 4.02 3.24 34.4

lactation

Far-off dry cows 726 — — — — — 748 — — — — —

Close-up dry cows 726 — — — — — 748 — — — — —
Replacement heifers

Preweaned 72 0.73 — — — — 73 0.76 — — — —

Weaning to conception 286 0.79 — — — — 295 0.82 — — — —

Conception to calving 556 0.62 — — — — 573 0.64 — — — —
Bulls

<12 mo of age 219 0.98 — — — — 226 1.00 — — — —

12-36 mo of age 652 0.70 — — — — 672 0.72 — — — —

>36 mo of age 930 0.06 — — — — 959 0.06 — — — —

parturition, and average DLWG of 0.82 kg/d preconception and
0.64 kg/d precalving.

The number of required AD for milking cows within each
lactation to produce the required 1.0 MMT of salable milk
was determined by an iterative process. The first step was to
establish average lactation curves as described in Capper and
Cady (2012) based on Keown et al. (1986) and shown in Figures
1la and b. Salable milk was considered to be all milk produced
except for milk/colostrum produced in the first 5 d of lactation
and milk withheld for 3 d from cows treated for mastitis.
Convergence to an appropriate solution for the required number
of AD within each lactation was met when the difference
between the estimated amount of total ECM produced by
the model and required ECM was less than +0.001% while
preserving the proportion of AD within each lactation equal to
that documented by the DRMS information. Lactating AD were
assumed to be uniformly distributed across days in milk within
each lactation because there was no accounting for seasonality
in calving or herd growth/reduction (Table 2). Determination of
supporting population AD for dry cows and bulls were estimated
as in Capper and Cady (2012), with dairy bulls included in the
population at a rate of 1 bull per 25 cows adjusted for the
percentage of cows served by artificial insemination (de Vries
et al., 2008), resulting in a ratio of 1.2 bulls per 100 cows in
the herd.

Agricultural Modeling and Training Systems (2018) ration
formulation software was used to predict daily dry matter
intake, nutrient requirements, voluntary water intake, and
manure output for all cattle and was used to formulate balanced,
nutritionally appropriate rations for cattle within each animal

group. Within each year’s population, there existed 14 groups
of cattle according to production level and/or age: six groups
of lactating cows (either primiparous or multiparous), two
groups of dry cows (close-up or far-off), three groups of heifers
preweaned (<2 mo of age), preconception, or postconception,
and three groups of bulls (<12, 12-24, and >24 mo of age) as
shown in Table 2. Details of each individual cattle diet are
beyond the scope of this paper, but the diet ingredients fed to
the cattle are summarized in Table 1. Dietary ingredients have
not changed significantly within the past decade, save for an
increase in the use of distillers grains; therefore, diets for both
time points (2007 and 2017) were formulated based on the
same principal ingredients as detailed by USDA (2016), modified
according to the dietary requirements for that group of animals.
Diet formulation for each animal group allowed quantification
of the population nutrient requirements and, therefore, the
direct (feedstuffs and water) and indirect (cropland fertilizer and
fuels) inputs associated with feed production.

Enteric methane production from all dairy cattle was
calculated according to dietary formulation as described by Ellis
et al. (2007). The fraction of nitrogen emitted as enteric nitrous
oxide was calculated from data reported by Kaspar and Tiedje
(1981) and Kirchgessner et al. (1991). Methane emissions from
stored manure were estimated using methodology prescribed by
the U.S. Environmental Protection Agency (U.S. EPA, 2010) based
on the quantity of volatile solids (i.e., the volatile components
of feces) excreted, maximum methane-producing potential
(0.24 m?%kg of volatile solids), and a conversion factor (21.7) for
liquid storage systems. IPCC (2006) emission factors were used
to calculate nitrous oxide emissions from manure.
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Cropping data were derived from USDA (2019) based on 5-yr
averages of annual cropping yields. Crop yield averages for
2007 and 2017 are shown in Table 3. Whenever byproduct feeds
resulted from a specific crop (e.g., soybean meal, wet distillers
grains, or wheat straw), the yields and resource inputs required
to produce the byproduct feed were prorated according to either
mass (soybean meal and wet distillers grains) or economic
allocation (straw). For feeds not grown on farm (corn grain,
soybean meal, wet distillers grains, and wheat straw), feed
transport was accounted for based on an average transport
distance of 558 km based on the principal states producing this
crop: a truck feed capacity of 25,000 kg, a fuel usage efficiency of
2.54 km/liter (Davis et al., 2009), and a fuel energy content of 34.8
MJ/liter (U.S. Energy Information Administration, 2019).

Fertilizer use and pesticide use were derived from National
Agricultural Statistics Service (NASS) Quick Stats (USDA, 2019)
according to the most appropriate census year (Table 3). Transport
fuel for cropping inputs was based upon transport distance (845
km for N fertilizer, 1,099 km for P and K fertilizers, and 805 km for
pesticides and insecticides) derived from the Fertilizer Institute
(2019), a truck fertilizer capacity of 17,000 kg and the same fuel
efficiency values as before. Time-point-specific crop diesel usage
data were not available; therefore, diesel usage for both 2007 and
2017 according to Camargo et al. (2013) was derived. Irrigation
water usage was derived from NASS Quick Stats (USDA, 2019) and
U.S. Census Bureau (2014) and irrigation energy from U.S. Census
Bureau (2014). Water recycling was accounted for using data
from U.S. Census Bureau (2014) and Parsons et al. (2010). Annual
electricity use for cattle housing (e.g., lighting and ventilation)
was 326 kW per animal, with an additional 247 kW per lactating
cow for milk cooling and storage (Ludington and Peterson, 2005).
The Energy Information Administration (2001) provided data
from which to calculate a nationwide factor for carbon dioxide
emissions from electricity generation, which was applied to
electricity use within the model. Daily sanitation water (used for
cleaning and disinfection of milking equipment) was added at a
rate of 28.4 liters per lactating cow (Brugger, 2006).

Nitrous oxide emissions from fertilizer application were
calculated according to the factors published by IPCC (2006). It

Table 3. Yields and input data for U.S. crop production in 2007 and 2017

should be noted that fertilizer use quoted by the USDA (2019)
does not include fertilizer applied in the form of organic manure;
therefore, GHG emissions from manure application were additive
to those from inorganic fertilizer application. Carbon dioxide
emissions from fertilizer and pesticide manufacture were derived
from West and Marland (2002). Due to a lack of reliable data and
the number of assumptions involved in applying a land use
factor to cropland, carbon sequestered into soil was not included
in the model calculations. Total GHG emissions were calculated
by applying carbon dioxide-equivalent 100-yr factors from IPCC
(2013) to methane (34) and nitrous oxide (298) to calculate the total
carbon footprint as the sum of all methane, nitrous oxide, and
carbon dioxide emissions expressed in carbon dioxide equivalents.
A back calculation was also performed using the carbon dioxide-
equivalent factors from IPCC (2006), whereby methane had a 100-
yr value of 28 in order to provide some basis for comparing the
results of the current analysis with those of Capper et al. (2009).

Results and Discussion

The U.S. dairy cattle industry has made considerable strides
over past decades in acknowledging and responding to
consumer concerns regarding the environmental impacts of
dairy production. The need to be socially responsible, including
demonstrating stewardship of natural resources and care for
animal health and welfare has never been more prevalent (von
Keyserlingk et al., 2009; von Keyserlingk et al.,, 2013; Cardoso
et al,, 2017), and it is clear that a “One Health” approach within
which human, animal, and ecosystem health will be considered
as an intersecting matrix (Buller et al., 2018) will be the lens
through which sustainability issues may be viewed in future
(Capper, 2017). The original paper comparing U.S. dairy cattle
production in 1944 and 2007 by Capper et al. (2009) took a long-
term historical view of the resource use, nutrient excretion,
and GHG improvements garnered by improving lactation yield
over seven decades, albeit with significant shifts in production
system and industry structure, including a large-scale move
from extensive, pasture-based systems to intensive housed

Resource use?, kg/ha

Yield!, kg/ha N P K Herbicides Insecticides Diesel?, liter/ha Water?, liter/ha
2007
Alfalfa hay 7.43 x 10° 14.0 56.0 168 1.12 0.26 276 2.37 x 106
Corn silage 39.2 x 10° 145 50.2 66.8 2.10 0.01 276 1.60 x 106
Grass hay 4.33 x 10° 84.1 56.0 78.5 1.12 0.26 68.9 3.48 x 10°
Wheat straw 1.63 x 10° 15.4 6.29 0.89 0.06 0.00 28.4 4,57 x 10*
Corn grain 9.38 x 10° 145 50.2 66.8 2.10 0.01 241 1.39 x 10*
Soybean meal 2.18 x 10° 0.86 5.69 14.9 1.17 0.01 81.0 5.60 x 103
2017
Alfalfa hay 7.45 x 10° 14.0 56.0 168 1.12 0.26 276 2.44 x 10°
Corn silage 45.5 x 10° 152 48.8 57.9 2.45 0.00 276 1.32 x 106
Grass hay 4.48 x 10° 84.1 56.0 78.5 1.12 0.26 68.9 1.22 x 10°
Wheat straw 1.85 x 10° 17.1 5.74 1.15 0.02 0.00 28.0 5.11 x 10*
Corn grain 10.6 x 10° 152 48.8 57.9 2.45 0.00 241 1.49 x 10*
Soybean meal 2.57 x 10° 2.77 14.2 23.6 1.47 0.03 81.0 6.37 x 10°
Wet distillers grains 3.22 x 10° 46.1 14.8 17.6 0.74 0.00 73.2 4.52 x 10°

Five-yr average of crop yields from NASS Quick Stats (USDA, 2019).
’Data from NASS Quick Stats (USDA, 2019).
Data from Camargo et al. (2013).

“Data from NASS Quick Stats (USDA, 2019) and U.S. Census Bureau (2014).



systems, a shift from small, high milk solids-producing breeds
(Jerseys and Guernseys) to higher-milk yielding Holstein cattle,
and the adoption of technologies including inorganic fertilizers,
bulk tanks, and artificial insemination. Capper et al. (2009)
clearly demonstrated that the multifactorial improvements
in milk yield between 1944 and 2007 had significant impacts
on reducing resource inputs and GHG emissions. Achieving
sustainability is a constantly moving target: a system can be
considered sustainable compared to another system or at a
specific time point but must always be considered as a series
of continuous improvements (Capper and Bauman, 2013)
rather than a fixed point to be conquered. Updating the original
1944-2007 comparison (Capper et al., 2009) to examine further
progress made by the U.S. dairy industry is, therefore, a timely
endeavor. Compared to earlier assessments of environmental
impacts associated with dairy production (de Boer, 2003;
Garnsworthy, 2004; Hospido and Sonesson, 2005; Thomassen
and de Boer, 2005; Capper et al.,, 2008; Thomassen et al., 2008;
Capper et al., 2009; Capper and Cady, 2012; Thoma et al., 2013),
science has evolved considerably, the scope of modeling resource
use, nutrient excretion, and GHG emissions has been enhanced,
and a greater amount of relevant data are available; therefore,
the results of the current study cannot be applied directly to
those of Capper et al. (2009). For example, the model used for
the current study includes a more detailed description of herd
structure and animal performance factors, more specific crop
yields, irrigation water use, transport of purchased feedstuffs,
and cropping inputs and manure applied to crop land, which
were excluded from the original study because of lack of
comparative data. Therefore, although the 1944 vs. 2007 results
are valid in the context of that comparison, the current results
should not be extrapolated back to compare with 1944.
Considerable advances have been made in dairy cattle
nutrition, genetics, management, and health over the past
century (Drackley et al., 2006; Eastridge, 2006; LeBlanc et al.,
2006; Shook, 2006; Bewley et al., 2017; Thatcher, 2017), which
have contributed to improved efficiency and productivity and
allowed for the production of a greater quantity of milk using
fewer resources via the “dilution of maintenance” concept
(Baumgard et al., 2017). This was highlighted by Capper et al.
(2008), given its role in reducing the environmental impacts of
dairy production through diluting the “fixed costs” of lactation
(i.e,, the maintenance nutrient requirements of lactating
cows plus supporting dry cows, heifers, calves, and bulls)
over a greater quantity of output, that is, kg or t of milk. The
current study again shows the role of this nutritional concept
in mitigating environmental impacts as the annual ECM yield
per cow increased from 9,150 kg in 2007 to 11,195 kg in 2017
(a consequence of both the 13.6% increase in milk yield and
increases in milk fat and protein percentages of 12.1% and
10.3%, respectively), the total dairy cattle population required
to produce 1.0 MMT ECM was reduced by 56.5 x 10° AY (31.5 x
10° lactating cows, 24.3 x 10° heifers, 0.66 x 10° bulls; Table 4).
This effect is not wholly dependent upon ECM yield. Capper
and Cady (2012) reported that other KPI, including age at first
calving, calving interval, dry period length, and output per
unit of bodyweight may also have significant impacts upon
productivity and, thus, environmental impacts. As shown
in Table 1, the increase in ECM yield (per year and per cow
lifespan) between 2007 and 2017 was also accompanied by
reductions in SCC (350,000 cells/mL in 2007 vs. 250,000 cells/mL
in 2017), calving interval (426 d in 2007 vs. 414 d in 2017), and
dry period length (60 d in 2007 vs. 57 d in 2017), which would all
improve system feed use efficiency. The concurrent reduction in
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expected number of lifetime lactations (2.97 in 2007 vs. 2.71 in
2017) and consequent days of life (1,634 d in 2007 vs. 1,496 d in
2017) might have been expected to counter this trend; however,
this was outweighed by improved ECM yield over time. Although
the reduced dairy cow days of life exhibited by the 2017 data
could be interpreted as suggestive of impaired health or welfare
(Oltenacu and Algers, 2005), this KPI is affected by myriad
factors, including the availability of heifers entering the herd
and the economic balance between milk price, rearing heifers,
keeping older cows in the herd, or culling dairy cattle for beef
(de Vries et al., 2008; Langford and Stott, 2012), and, therefore,
cannot be assumed to be a simple reflection of cattle health or
welfare, especially given the lack of a significant difference in
cow mortality between the two time points.

Total feed requirements for milk production are not
necessarily linearly associated with the number of cattle
required—although fewer cattle were required to produce an
equivalent quantity of ECM in 2007 and 2017 (Table 4), the
total nutrient requirement for milk production only (i.e., not
maintenance, pregnancy, or growth) was similar between the
two time points and the quantity of feed was influenced by
nutritional composition and dietary formulation. In contrast
to the previous 1944 vs. 2007 comparison (Capper et al., 2009),
which compared pasture-based and intensive feeding systems,
diet formulations for dairy cattle did not differ considerably
between the two time points in the current study, with the
majority (>75%) of U.S. dairy operations feeding diets containing
corn silage, alfalfa hay, corn grain, and soybeans (USDA, 2016).
The exception to this was the inclusion of wet distillers grains in
diets for 2017 cattle, a byproduct feed that has gained significant
popularity as the market for ethanol and associated products

Table 4. Modeled milk production and cattle groups (animal years)
per 1.0 MMT (million metric tonnes) of saleable energy-corrected
milk?

2007 2017
Total ECM produced, MMT 1.10 1.07
Cattle groups, n x 10°
Cows
Cows in first 5 days of lactation 1.43 1.05
First lactation cows 37.4 28.4
Second lactation cows 27.7 20.7
Third lactation cows 36.9 25.9
Total lactating cows 103.4 76.0
Far-off dry cows 5.10 3.85
Close-up dry cows 9.46 6.61
Total dry cows 14.6 10.5
Total adult cows 117.9 86.4
Heifers
Preweaned replacement heifers 8.30 6.43
Preconception replacement heifers 60.9 47.2
Postconception replacement heifers 34.9 26.2
Total replacement heifers 104.1 79.8
Heifer:cow ratio 0.88 0.92
Bulls
Young bulls 0.35 0.26
Adolescent bulls 0.71 0.52
Mature bulls 1.41 1.04
Total bulls 2.47 1.81
Total cattle population 224.5 168.0

'One animal year equals 365 animal days and may be thought of as
one animal surviving through the calendar year.
2Apparent summation errors due to rounding error.
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has developed within the United States over the past decade (Liu
and Rosentrater, 2016). Gains in dairy herd productivity between
2007 and 2017 conferred a 0.33 x 10° kg reduction in feedstuffs
required for production of 1.0 MMT ECM due to the dilution of
maintenance effect, equivalent to a 17.3% change (Table 5). The
associated reduction in land use for milk production (Table 5),
equal to 0.52 x 10° ha (a 20.8% decrease), is a significant selling
point for the dairy industry given that a considerable quantity
of global land is used for animal feed production, leading to the
“feed vs. food” (Council for Agricultural Science and Technology
[CAST], 2013; Manceron et al., 2014) debate, whereby livestock
systems are often cited as being less-efficient systems for food
production than growing food crops directly edible by humans.
This is a nuanced issue subject to oversimplification in public
forums as considerable differences exist between the human
food cropping potential of fertile, well-drained arable land
capable of growing a variety of crops with relatively little inputs
compared to the majority of global grazing land, which tends
to be unsuitable for crop production because of unfavorable
climate, terrain, water supply, or lack of soil nutrients. Livestock
industries also use considerable quantities of byproduct feeds
from global human food and fiber production such that land
tends to be misallocated to animal feed production rather
than to a combination of products for human and animal use.
Furthermore, although a relatively high proportion of global
agricultural land is used for grazing, the extent to which the
land’s potential is realized through the application of best
management practices and technologies is highly variable
across regions. The potential, therefore, exists to improve land
and cattle productivity and, therefore, reduce the quantity of
hectares required for grazing (Eisler et al., 2014).

To put the land-related resource gains into context, the total
0f0.52 x 10° ha land per 1.0 MMT ECM freed for other purposes by
productivity gains between 2007 and 2017 (Table 5) is equivalent
to the total area of Tulsa, OK, or the land required to produce
127 x 10°% loaves of bread (based on a wheat yield of 3,210 kg/
ha; USDA, 2019; and 4,940 loaves being produced per hectare;
Kansas Wheat, 2015). Land use results within the current
study are influenced by cropping yields in addition to cattle
productivity gains; however, the impact of improved cropping
yields over time is only half of that conferred by cattle gains. As
shown in Table 6, running the 2017 model scenario with 2007
cropping yields and inputs (i.e., no changes in crop productivity
over time) resulted in a 0.17 x 10° ha land reduction from
improvements in crop yields and a 0.35 x 10° ha reduction from
cattle productivity gains. Feed crop production is an important
component of the dairy industry’s environmental impacts and,
as such, cannot be disassociated or ignored, yet it is interesting
to note that over the 10-yr interval, cropping had a relatively
minor impact compared to gains in cattle productivity. This
suggests that although advances in agronomy will continue
to be important and should be pursued, especially when crop
production is directly under the dairy producer’s control, the
dairy industry should focus on the animal component of the
system in order to realize the greatest gains. This is of particular
relevance to GHG emissions as running the 2017 analysis with
2007 cropping inputs and yields (Table 6) only changed the total
GHG emissions by 1%.

The use of cropping inputs per hectare did not change
significantly for the majority of feed crops between 2007 and
2017; thus, combined improvements in cropping and cattle
productivity conferred reductions in fertilizer (2.31 x 10° kg of

Table 5. Resource use and greenhouse gas emissions from U.S. dairy production in 2007 and 2017 per 1.0 MMT (million metric tonnes) of

saleable energy-corrected milk

2007 2017 2017 as a percentage of 2007
Resource use
Total feedstuffs?, kg 1.90 x 10° 1.57 x 10° 82.7
Cropping land, ha 2.48 x 10° 1.96 x 10° 79.2
N fertilizer, kg 1.18 x 107 9.49 x 10° 80.3
P fertilizer, kg 9.10 x 10° 6.79 x 10° 74.6
K fertilizer, kg 1.76 x 107 1.31 x 107 74.5
Herbicides, kg 3.11 x 10° 2.46 x 10° 78.9
Insecticides, kg 3.35 x 10* 2.33 x 10* 69.6
Fossil fuels, MJ 1.36 x 10° 1.08 x 10° 79.8
Electricity, kWh 8.20 x 107 6.06 x 107 73.9
Cattle drinking water, liter 5.94 x 10° 4,59 x 10° 77.3
Irrigation water, liter 2.27 x 10" 1.57 x 101 69.3
Sanitation water, liter 9.43 x 108 6.93 x 108 73.5
Total water, liter 2.33 x 101 1.62 x 10% 69.5
Waste output
Nitrogen excretion, kg 2.00 x 107 1.65 x 107 82.5
Phosphorus excretion, kg 2.20 x 10° 1.88 x 10° 85.7
Manure?, kg 3.43 x 10° 2.72 x 10° 794
GHG
Methane, kg 4.95 x 107 4.01 x 107 80.9
Nitrous oxide, kg 5.11 x 10° 4.17 x 10° 815
GHG from livestock?, kg CO,-eq 1.83 x 10° 1.48 x 10° 80.8
GHG from cropping, kg CO,-eq 2.20 x 10® 1.75 x 108 79.5
GHG from manure application, kg CO,-eq 4.77 x 107 3.93 x 107 82.5
GHG from transport? kg CO,-eq 7.41 x 10° 8.30 x 10° 112
Total GHG* kg CO,-eq 2.10 x 10° 1.70 x 10° 80.8

‘Freshweight.
2Excluding respiration from cattle.

°Includes transport of feed and crop inputs but does not include milk transport.
“Equal to total GHG emissions from the U.S. dairy cattle industry of 1.77 x 10% kg CO,-eq for 2007 and 1.79 x 10% kg CO,-eq for 2017—a 1.0%

increase.



N, 2.31 x 10° kg of P, and 4.49 x 10° kg of K), herbicide (6.58 x 10*
kg), and insecticide (1.02 x 10* kg) use per 1.0 MMT ECM (Table
5). Similarly, fossil fuel use was reduced by 2.75 x 10® MJ and
electricity by 2.14 x 10’ kWh per 1.0 MMT ECM between 2007 and
2017. The former resource savings is equivalent to the energy
consumption of 3.38 x 10° residential U.S. households (8.13 x 10*
M]J per household use; U.S. Energy Information Administration,
2018). The need to find alternatives to nonrenewable and mined
resources (N, P, K and fossil fuels) is an issue that will become
more urgent in future as mines become exhausted and it
appears certain that a greater investment will have to be made
in both reducing nonrenewable inputs and finding alternative
(renewable) energy sources. As an industry that is ultimately
reliant on both energy and nutrient recycling, agriculture would
seem well placed to adopt relevant technologies, yet these
have not always been widely realized across in the industry.
For example, only 248 anaerobic digesters are currently in use
on U.S. livestock farms (albeit they tend to be associated with
larger operations that have a greater opportunity to generate
considerable quantities of electricity) compared to 107 in 2007
(U.S. EPA, 2019).

Water use may be the most significant resource issue that
dairy production faces, both now and in future. The direct water
use (i.e., that drunk by cattle and used for sanitation) on dairy
farms in 2007 and 2017 was relatively low at 6.89 x 10° liters per
1.0 MMT ECM and 5.29 x 10° liters per 1.0 MMT ECM, respectively
(Table 5). However, this accounted for only 2.95% (2007) and
3.26% (2017) of the total water use, the majority of which
resulted from irrigated crop production. The simple mitigation
response would be to shift cattle feed ingredients from crops
that require greater quantities of water for growth (e.g., alfalfa)

Table 6. Impacts of using 2007 crop yields and inputs when modeling
selected resource use and greenhouse gas emissions from U.S. dairy
cattle production in 2017 per 1.0 MMT (million metric tonnes) of
saleable energy-corrected milk

2017 with 2007 crop yields Indexed change

and inputs (no change = 1.0)*
Resource use?
Total feedstuffs?, kg 1.57 x 10° 1.00
Cropping land, ha 2.13 x 10° 1.09
N fertilizer, kg 1.01 x 107 1.06
P fertilizer, kg 7.12 x 10° 1.05
K fertilizer, kg 1.37 x 107 1.05
Herbicides, kg 2.63 x 10° 1.07
Insecticides, kg 2.35 x 10* 1.01
Fossil fuels, MJ 1.15 x 10° 1.06
Electricity, kWh 6.06 x 107 1.00
Irrigation water, liter 1.73 x 101 1.10
Total water, liter 1.78 x 10 1.10
GHG

Methane, kg 4.01 x 107 1.00
Nitrous oxide, kg 4.26 x 10° 1.02
GHG from cropping, 1.86 x 108 1.06
kg CO,-eq

GHG from transport, 8.40 x 10° 1.01
kg CO,-eq

Total GHG, kg CO,-eq 1.71 x 10° 1.01

Indexed compared to modeling using 2017 crop yields and inputs
with 2017 data (as shown in Table 5) set as equal to 1.0.

2Includes only resource use directly or indirectly impacted by
changes in cropping yields and inputs

*Freshweight.
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toward more arid crops and to move crop production from
regions that require irrigation (e.g., California) to those that have
a greater annual precipitation. However, this myopic approach
neglects to account for other factors that have prevailed in
segmenting crop production across the United States, including
climate, terrain, infrastructure, market access, land value, policy,
etc. (Parton et al., 2007). Furthermore, some water use analyses
still persist in accounting for precipitation in total water use
(Drastig et al., 2010; Hoekstra, 2012; Mekonnen and Hoekstra,
2012; Gerbens-Leenes et al., 2013) without acknowledging that
this input cannot be diverted or controlled, resulting in inflated
water footprint statistics that are inherently invulnerable to
mitigation strategies. Livestock producers have a responsibility
to reduce water use where possible and to ensure that which
is used is as unchanged by the milk production process as
possible, that is, leaves the operation with minimal pollution or
contamination. As with the reduction in land use seen between
2007 and 2017, the majority of the change in irrigation water use
(and, therefore, total water use) resulted from improvements
in cattle productivity. If this continues as a long-term trend,
it could improve the social acceptability of dairy production,
not least because some dairy-alternative beverages (e.g., those
based on almonds) have a greater “water footprint” (Fulton et al.,
2019), have a less desirable ratio of GHG emissions to nutrient
density index (Smedman et al., 2010), and are limited in their
provision of essential nutrients (Vanga and Raghavan, 2018). It is
worth noting that the reduction in total water use per 1.0 MMT
ECM was equivalent to the annual requirements of 3.48 x 10°
U.S. households (based on 2.53 people per household and 8.10 x
10* liters per capita daily use; Water Research Foundation, 2017),
a considerable achievement that could prove valuable given the
drought issues that continue to plague several regions of the
United States. To put this into context, if the current U.S. dairy
industry produced the same quantity of milk as in 2007, the
savings made in water use would be equivalent to the annual
requirements of 2.93 x 10’ U.S. households.

Over the past century, we have made significant strides
in understanding cattle metabolism and nutrition such that
modern dairy cattle are more feed efficient and are fed more
precisely balanced diets than their ancestors (Eastridge, 2006).
Total manure output from cattle in 2017 (2.72 x 10° kg per 1.0
MMT ECM) was 20.6% lower than that of 2007 (3.43 x 10° kg per
1.0 MMT ECM) and can be directly attributed to the reductions
in cattle numbers and feed use between these two time points
as digestibility values were similar for equivalent diets across
the two time points (Table 5). No specific changes in dietary
formulation relating to N and P excretion were widely adopted
by the U.S. dairy industry between 2007 and 2017; therefore,
the reductions in excretion of these nutrients (3.50 x 10° kg N
per 1.0 MMT ECM and 3.20 x 10° kg P per 1.0 MMT ECM) within
the current study were entirely due to cattle productivity
gains. Nonetheless, given the environmental burdens of N in
terms of NH3 production, acidification and associated human
and animal health effects, plus the eutrophication potentials
of N and P released into waterways and consequences for
ecosystem health, following the example of the swine industry
by investigating further mechanisms for reducing nutrient
excretion (Pomar et al, 2011) would be a valuable future
research focus.

From a food industry stakeholder, media, and governmental
perspective, GHG emissions appear to be the most important
environmental impact metric under current discussion. From
the global Kyoto agreement that sets internationally binding
GHG emission reduction targets to regional initiatives to reduce
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meat consumption in an attempt to cut dietary GHG emissions
(Morris, 2018), the word sustainability appears to be inherently
linked with this metric. Concern over climate change and the
impacts of rising global temperatures in combination with the
fact that GHG emissions are relatively easy to model (Jose et al.,
2016; Rotz, 2018) and, if necessary, regulate (Thompson et al.,
2014), means that this metric is likely to remain at the top of
sustainability agendas for the foreseeable future. The impact of
improved dairy cattle productivity upon GHG emissions is well
documented from the FAO (2010) lifecycle assessment study
that showed a direct negative correlation across global regions
between solids-corrected milk yield and GHG emissions per
kilogram of milk; to U.S.-specific studies examining cradle-to-
grave dairy production systems (Thoma et al., 2013), the impacts
of technology use (Capper et al., 2008), breed choice (Capper and
Cady, 2012), or comparing historical production systems with
those of more modern dairying (Capper et al., 2009). Irrespective
of dairy production system, ECM yield, and other associated
KPIs that improve milk output per kilogram of cattle bodyweight
are the major determinants of GHG emissions per kilogram of
milk produced (Capper and Cady, 2012). The previous 1944 vs.
2007 U.S. dairy industry comparison by Capper et al. (2009)
reported a 63% decrease in the GHG emissions per kilogram of
milk produced over the 63-yr time period (Figure 2); however,
this did not simply reflect improvements in dairy cattle
efficiency at the animal level but a myriad of infrastructural
changes that transformed thousands of pasture-based systems
averaging 5-9 cows per herd (U.S. Census Bureau, 1942) into a
modern industry averaging 122 cows per herd, predominantly
in conventional, housed operations and fed total mixed rations
(USDA, 2007a). The changes evidenced by the current dairy
industry over the decade between 2007 and 2017 are far less
extreme than those observed between 1944 and 2007; therefore,
it could be expected that less progress would have been made
over time; however, the considerable gains in cattle productivity
in combination with improved cropping yields between 2007
and 2017 reduced the total GHG emissions per 1.0 MMT ECM
from 2.10 x 10° kg CO,-eq (2007) to 1.70 x 10° kg CO,-eq (2017),
a reduction of 19.2% (Table 5). Consequently, although U.S. ECM
production increased by 24.9% in the decade from 2007 to 2017,
the total GHG emissions arising from this production increased
by only 1.0%. This remarkable result, especially in light of the
milking cow population increasing by 2.1% (Table 1), is primarily
due to increased productive efficiency in both feed and milk
production. In other words, the dilution of maintenance effect
almost compensated for the increase in the cow population.
Also notable is that the average annual linear reduction in
GHG emission from 2007 to 2017 was 0.040 kg/kg of ECM. This
compares to an average reduction from 1944 to 2007 of 0.037 kg/
kg of milk (Capper et al. 2009). While the later rate of reduction
is numerically greater, there may not be a significant difference
between the rate of reduction in the two time periods; it appears
that, at least, the U.S. annual rate of reduction of emissions per
kilogram has not declined. Similar results have been observed
elsewhere—for example, the United Kingdom dairy industry
recently reported a 24% decrease in GHG emissions from dairy
production between 1990 and 2015 (The Dairy Roadmap, 2018).
A global drive exists to measure and improve GHG emissions
from dairy production—initiatives that will improve not just
environmental responsibility but also social acceptability over
time. Furthermore, correlations between economic viability and
environmental responsibility based on improved productivity
and reduced resource use (Capper, 2013) may make this a triple
win for sustainability metrics.

As previously discussed, improvements in model structure
and function since Capper et al. (2009) mean that the GHG
emissions per kilogram of milk (1.35 kg CO,-eq per kg milk for
2007 according to Capper et al., 2009 and 2.10 kg CO,-eq per kg
ECM for 2007 in the current study) cannot be directly compared.
The 1944 vs. 2007 comparison is still valid as is the magnitude
of the difference between the time points; it is simply that the
exact totals that have changed.

The IPCC’s decision to change the global warming potential
(GWP; 100-yr horizon) of CH, from 28 to 34 also made a
considerable impact on the current results if comparing back
to the original 1944 vs. 2007 comparison. At over 75% of total
GHG emissions, CH, makes a significant contribution (Figure
3); therefore, the switch from a GWP of 28 to 34 increased the
2007 GHG emissions from 1.66 CO,-eq per kg ECM to 2.10 CO,-eq
per kg ECM and the 2017 GHG emissions from 1.34 CO,-eq per
kg ECM to 1.70 CO,-eq per kg ECM (Figure 2). As the science
continues to evolve, this emphasizes the importance of using
comparative analyses (between systems, production practices,
or time points) to assess progress in environmental impacts
rather than relying on singular absolute figures. Results of
the current analysis are within the ranges published by other
studies examining the GHG emissions of U.S. dairy production
(FAO, 2010; Thoma et al., 2013; U.S. EPA, 2019) despite, as
discussed by Bertrand and Barnett (2011), variations between
studies in terms of differences in system boundaries, functional
units, and methodology, including the decision not to apply
allocation in the current study and the use of the updated IPCC
GWP for CH,. Given the interdependence of the U.S. dairy and
beef industries, with up to 25% of total U.S. beef originating
from the dairy industry (cull heifers, cows, and bulls, plus dairy
calves reared for beef), an analysis of the environmental impacts
from the entire U.S. cattle industry (dairy, veal, and beef) would
fill an important knowledge gap relating to future mitigation
opportunities.

To reduce GHG emissions from dairy cattle production still
further, it is important to examine the sources from which they
arise. Separated out by source and gas, Figure 3 shows that enteric
and manure CH, contributes by far the greatest proportion of
total CO,-eq, whereas N,O from manure and CO, from on-farm
electricity, cropping, fertilizer and manure application, and
transport are all relatively minor sources. Considerable future
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Figure 2. Greenhouse gases (CO,-eq) per kilogram of milk in original 1944 vs.
2007 comparison (Capper et al., 2009) compared to the current 2007 vs. 2017
comparison with global warming potential values for methane set at 28 (IPCC,
2006) and 34 (IPCC, 2013).
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gains could, therefore, be achieved by focusing on dairy cattle
and manure management—with specific reference to lactating
cows and heifers as the predominant contributors to GHG
emissions within the herd (Figure 4). Adopting management
practices and technologies that enhance productivity and lead
to improvements in efficiency KPIs (e.g., milk production, calving
rate, heifer growth, age at first calving, days dry, morbidity,
and mortality) should, therefore, pay significant dividends.
Moreover, although animal health is a key contributor to whole
herd efficiency and studies have evaluated the environmental
impacts of specific disease issues (Hospido and Sonesson,
2005; Mostert et al., 2018; Ozkan Giilzaria et al., 2018), there is
relatively little information available as to the relative impacts
of different diseases and, therefore, little opportunity to target
specific health issues as part of an environmental mitigation
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program (Capper and Williams, 2019). More research into this
area is, therefore, warranted.

A danger exists, however, that despite the body of evidence
that high dairy cow productivity is conducive to increased herd
longevity and better lifetime performance, the perception still
exists that dairy producers may “push” cows toward greater
performance without due regard for health and welfare and has
led some to conclude that improving dairy cow productivity is
not necessarily congruent with enhanced sustainability (Tucker
et al., 2013; von Keyserlingk et al., 2013; Herzog et al., 2018).
Nonetheless, a significant difference exists between pushing
cattle to exceed their metabolic or genetic capacity and simply
allowing cattle to fulfill their potential through optimal nutrition
and management (Baumgard et al., 2017). The most recent
world record cow, kept in a 360 cow-herd in Wisconsin, United
States, produced 35,457 kg of milk in a single lactation (Dickrell,
2017), which is 241% more than the average U.S. cow in 2017,
it, therefore, appears that a genetic plateau for milk production
has not yet been reached and that productivity gains similar to
those described in this study can continue to be realized into
the future. The challenge to the U.S. dairy industry is to achieve
these gains with due regard for both the One Health concept and
the crucial importance of social acceptability, that is, positive
consumet, retailer, and policy-maker opinions relating to dairy
production (Croney and Anthony, 2011; von Keyserlingk et al.,
2013).

The sustainability gains that have been made by the
U.S. dairy industry in terms of improving milk yield and
dairy cattle performance and reducing resource use, nutrient
extraction, and GHG emissions per unit of milk between 1944
and 2007 have demonstrably continued into 2017 and, for this,
the industry should be applauded. To maintain this culture of
continuous improvement into the future, U.S. dairy producers
must demonstrate their devotion to excellent cattle health
and welfare, producing safe, affordable, high-quality food, and
caring for the local and wider community and be prepared to
answer increasing questions about dairy production practices
in order to maintain social license to operate. Consumer
and retailer pressures may change the future face of dairy
production. For example, grazing periods of >120 d per year
are already mandated by some European milk processors,
antimicrobial use is being benchmarked across operations
with compulsory reductions in the use of specific classes of
medicine, and individual calf housing continues to be an area
of concern for some consumers. The focus must, therefore, be
on improving all three facets of sustainability (environmental
responsibility, economic viability, and social acceptability) in
a holistic manner—a challenge that the U.S. dairy industry
should be able to meet most successfully.
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