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A B S T R A C T

Demand for grass-based dairy production, which relies heavily on grazing and use of forage crops, is growing in
the United States, primarily due to reported human health benefits of the milk produced as well as perceived
environmental and animal welfare benefits. We used a whole-farm model to evaluate environmental footprints
of all-grass, grass supplemented with grain, and confinement dairy production systems in the temperate climate
of the northeastern U.S. Model results were depicted per unit of farmland and per unit of milk produced to
provide alternate perspectives from the viewpoint of land management and commodity production. For most
environmental indicators, the grass-based systems had smaller environmental impacts per unit of farmland but
larger impacts per unit of milk produced compared to confinement fed systems. To verify the simulation of grass-
based operations, eight dairy farms - ranging from herds that were grazed and fed only forage to herds that
received some grain supplementation - were surveyed and modeled. Due to variation in climate, soil char-
acteristics and management practices, a comparison of the two grass-based farm types showed no significant
differences in environmental impacts. Farms of the same size using each production strategy along with a more
traditional confinement production system were then simulated using the same climate and soil conditions for a
better comparison. Predicted nitrogen and phosphorus losses to the environment, fossil energy use, water use,
and greenhouse gas emissions were less from the grass-based farms compared to the confinement operation. Due
to lower milk production on the grass-based dairies, nutrient losses and greenhouse gas emissions expressed per
unit of milk produced were generally greater than those of the confinement system. Within the grass-based dairy
systems, the system that supplemented with grain had slightly lower nitrogen and phosphorus losses per unit of
farmland compared to the grass-only system, and much lower losses and emissions when expressed per unit of
milk produced. Total production cost was less for the all-grass dairy than the grass with grain dairy. With a
greater milk price, the all-grass system provided greater profitability per unit of land used and per unit of milk
produced compared to the confinement farm of similar size. These data indicate that grass-based dairy farms can
provide environmental benefits to a local watershed, but due to a lower efficiency in milk production, they may
increase the aggregate environmental impacts of regional and global supply chains.

1. Introduction

The market for milk produced by cows on a predominately-grass or
all-grass diet has increased rapidly in the the U.S. in recent years, even
as consumption of other milk sectors has declined (Gerdes, 2019).
Growth in demand for grass-based dairy products reflects, in part,
findings of nutritional and human health benefits associated with all-
forage dairy cattle diets. For instance, a U.S.-wide study of milk from
cows fed a nearly 100% forage-based diet concluded that differences in
the fatty acid profile compared with that from organic and conventional

cows fed grain and forage diets could lower the risk of cardiovascular
and other metabolic diseases of dairy consumers (Benbrook et al.,
2018).

Consumer preference for grass-based dairy products extends beyond
human health concerns and often includes interests in animal welfare,
local food production and environmental sustainability. A survey of
U.S. consumers not associated with the dairy industry revealed that
perceptions regarding the quality of life of the animals and the indirect
effect of their welfare on milk quality are important decision-making
factors (Cardoso et al., 2016). Factors such as weaning age and hock
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health have been found to differ between grazing dairies (both con-
ventional and organic) and confinement operations (Bergman et al.,
2014).

Environmental concerns related to dairy production vary widely,
from local impacts on soil, water and air resources to global contribu-
tions of greenhouse gas (GHG) and energy footprints. Recent studies
have quantified environmental impacts of dairy production systems
using intensive confinement feeding practices (ex. Kim et al., 2019;
Veltman et al., 2018). With specific interest in grass-based production,
Müller-Lindenlauf et al. (2010) evaluated the environmental impacts of
organic dairy farms in Germany where farms were classified by the
percentage of grassland area used on the farm and feeding intensity.
Farms with more intensive feeding practices tended to show ecological
advantages in the impact categories of climate change and land de-
mand. In contrast, lower-input grass-based farms showed benefits in
animal welfare, milk quality and reduced ammonia losses. They con-
cluded that within the range of dairy farms studied, those using in-
tensive mixed cropping systems tended to have less negative environ-
mental effects than the more extensive systems relying on grass
production and grazing.

Our objective was to quantify important environmental aspects of
grass-based dairy farms in the northeastern U.S., including nitrogen and
phosphorus losses and life cycle assessments of water use, fossil energy
use, total reactive nitrogen loss and GHG emission. Specifically, we
sought to provide insight into the variability of grass-based production
systems found in the state of Pennsylvania. Then, we compared re-
presentative grass-based systems with other dairy production systems
common to the state and a previous assessment over all dairy farms in
the state.

2. Materials and methods

Actual and representative farms were modeled using the Integrated
Farm System Model (IFSM) to quantify the environmental impacts of
dairy production systems in Pennsylvania. To provide insight into
variability in grass-based enterprises, we evaluated eight dairies parti-
cipating with the Pennsylvania Association for Sustainable Agriculture.
Four of the farms fed only forage (all-grass) and four fed primarily
forage with some grain supplementation (grass with grain). Grass-based
management represents a small portion of all farms in Pennsylvania
(Holly et al., 2019) where our sample farms are very representative of
the size and management practices used. There is interest in this type of
management in the northeastern U.S. as a means for maintaining small
profitable dairy farms.

Each farm was visited in late 2017 or early 2018 to gather in-
formation on management practices used over recent years. Data such
as feed production and use reflected typical or long-term averages ra-
ther then the conditions of a specific year. Characteristics of these grass-
based dairies were used to set up simulations of representative farms.
Simulated environmental impacts of the grass-based production sys-
tems were then compared to those of other representative dairy pro-
duction systems in the region, derived using data from the Agricultural
Resource Management Survey (Holly et al., 2019).

2.1. Integrated Farm System Model

The IFSM is a process-level farm simulation tool used to assess the
performance, environmental impacts and economics of dairy or beef
production systems (USDA-ARS, 2018). Feed production and intake,
animal growth and production, and the cycling of nutrients through the
production system are simulated for many years of weather (Rotz et al.,
2018). Crop growth and harvest are predicted daily to represent feed
quality and losses as influenced by weather. Feeds produced are sup-
plemented with purchased feeds to meet animal requirements and
predict milk production. For a better comparison across systems, milk
production is adjusted to 4.0% fat and 3.3% protein (FPCM; Rotz et al.,

2018). The herd includes the feeding, growth and manure handling of
replacement heifers, dry cows and up to three groups of lactating cows
(Rotz et al., 1999). Simulated performance is used to determine pro-
duction costs, incomes, and net return for each year of weather. A
whole-farm budget includes important fixed and variable costs. Pro-
duction costs are subtracted from the total income received for milk,
cull animal and excess feed sales to determine a net return. Family
members provide most of the labor on these small farms; therefore, the
labor cost was ignored to provide a net return to management and labor
as a measure of profitability.

Nutrient movements are tracked to predict soil accumulation or
attenuation and losses to the environment (Rotz et al., 2018). Losses
include nitrogen, phosphorus and carbon. Common pathways of ni-
trogen loss are ammonia (NH3) volatilization, nitrous oxide (N2O) and
nitrogen oxide (NOx) emissions through nitrification and denitrification
processes, and leaching and runoff of nitrate (NO3−). Phosphorus
pathways of loss are sediment bound and soluble runoff with minor
amounts of leaching to ground water. Process-based simulation predicts
volatilization on an hourly time step and nitrification, denitrification,
leaching and runoff on a daily basis as influenced by temperature, wind
speed, precipitation, soil conditions and management practices (Rotz
et al., 2018; Rotz et al., 2014). Carbon emissions are methane and
carbon dioxide primarily from enteric fermentation and respiration of
animals and microbial decomposition of manure. Numerous studies
have verified the model's ability to represent feed crop production,
animal performance, emissions, and other model components of dairy
production (ex. Leytem et al., 2018; Bonifacio et al., 2015; Jego et al.,
2015; Rotz et al., 2014; Belflower et al., 2012).

Following guidelines of the Livestock Environmental Assessment
and Performance partnership (LEAP, 2016), a cradle-to-farm gate par-
tial life cycle assessment (LCA) is performed within IFSM to determine
annual carbon (net GHG) emission, fossil energy use, blue (non-pre-
cipitation) water use, and total reactive N loss (Rotz et al., 2018).
Carbon emission includes the sum of important emissions of methane
(CH4), N2O and carbon dioxide (CO2) converted to CO2 equivalents
(CO2e) using 100 year global warming potentials of 28 for biogenic CH4
and 265 for N2O (Myhre et al., 2013). Emissions include both direct
emissions from the production system as well as indirect N2O emissions
that occur elsewhere in the environment through a transformation of
NH3 and NO3− lost from the production system (IPCC, 2006). For this
analysis, we assumed steady-state soil organic matter where long-term
carbon sequestration would not occur. Fossil energy use includes that of
fuel and electricity used in milking and housing of animals, farm op-
erations and general truck use. In this region where crop irrigation is
rarely used, blue water is that used for parlor cleaning, cattle con-
sumption, and cooling of cattle. Reactive N is the sum of all N leaving
the production system in the forms of NH3, N2O, NOx and NO3−. En-
vironmental impacts are expressed both on a per hectare of farmland
and per kg of FPCM basis.

Emissions associated with the production of resources used on dairy
operations (upstream sources) are included in the LCA (Rotz et al.,
2018). Upstream sources include the production of fuel, electricity,
fertilizer, purchased feed, machinery, seed and pesticide. Emission or
consumption values used for these upstream sources are listed in
Table 1. Estimates for purchased grain and forage were obtained using
IFSM simulations of crop farms where the environmental impacts were
divided by the feed dry matter produced and added to that for trans-
port. Simulations of heifer production operations were used to de-
termine footprints for any replacement heifers purchased or sold from
the farm.

A biophysical allocation method was used to remove the impacts of
animals sold to the beef industry (IDF, 2015). The portion allocated to
milk varied among farms from 73% to 95% depending upon the mass of
milk sold from the farm relative to the mass of animals sold. Averaged
over all production systems, about 87% of each environmental impact
was allocated to the milk produced with no effect directly related to the
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production strategy used.

2.2. Grass-based dairy farms

We gathered information on management practices from eight,
grass-based farms spread from northern to southern areas of the eastern
half of Pennsylvania. All farms followed organic production practices,
but not all were certified organic. To determine significant differences
in the characterisitics of the all-grass and grass with grain farm types,
values from the four farms of each type were treated as replicates in a
single-factor analysis of variance with a probability less than 0.05
considered as significant.

Using the information gathered, each farm was simulated with IFSM
to verify long-term performance and to quantify nutrient flows and
losses from the farm and other environmental footprints. Simulations
used historical daily weather data and soil characteristics re-
presentative of the location of each farm. Weather data were obtained
from the Integrated Surface Database of the National Climatic Data
Center of the National Oceanic and Atmospheric Administration
(NOAA, 2019). Daily data included solar radiation; minimum, max-
imum and mean temperature; precipitation; and average wind speed
(Table 2). Soil characteristics were obtained from the Web Soil Survey
(USDA-NRCS, 2019). An “area of interest” was defined over land where
the farm was located and predominant soils were identified. Soil
characteristics used were clay, silt and sand contents, bulk density and

available water holding capacity (Table 3). This region has karst to-
pography where soils are well-drained with a moderate clay content
and moderate to low available water holding capacity.

Simulated production costs and incomes were included in our
analysis using long-term relative prices in current dollars (Rotz et al.,
2018). This analysis provided a relative cost comparison of the pro-
duction practices, but values should not be viewed as the actual costs or
returns for the producers. Important prices included fuel ($0.85/l),
electricity ($0.12/kWh), organic grain ($518/t DM), hay ($330/t DM),
minerals and vitamins ($496/t) and bedding material ($110/t). Crop
seeding costs were $198/ha for perennial grassland and $86/ha for
annual forage crops. Equipment used on the farms was amortized over
14 years with a remaining value of 30% of the initial cost. Facilities
were amortized over 30 years with no remaining value after that
period. Milk prices received were set to that reported by the producer
and cull cows were sold for $0.44/kg of body weight. Milk price varied
among farms dependent upon their market as all-grass fed, certified
organic or regular milk.

2.3. Comparison of dairy production systems

Since weather and soils varied among farms, further simulations
were conducted for a more standardized comparison of production
systems. Farms of the same size representing all-grass and grass with
grain production systems were simulated with IFSM using the same
weather data (Harrisburg, PA) and soil characteristics. A generic soil
was used with characteristics similar to the average of the actual farm
soils. This soil had clay, silt and sand contents of 20, 51 and 29%, re-
spectively with a bulk density of 1.33 g/cm3 and available water
holding capacity of 108 mm.

The average or most typical conditions found on the actual farms
were used to set model parameters for the different production systems.
Parameters were the same for the two farm types except where the
observed conditions were significantly or substantially different. Each
farm managed 100 cows and 67 heifers on 134 ha of pasture and
cropland. The land area included 120 ha of perennial grassland and
13.4 ha of an annual small-grain forage. Cow replacement rates were
set to 14% and 26% for the all-grass and grass with grain farms, re-
spectively. Each farm produced just enough forage to meet their long-
term needs, i.e. no purchasing or selling of forage. For those that sup-
plemented with grain, all grain was purchased and imported to the
farm.

An additional simulation was added to represent a common pro-
duction system in Pennsylvania where cows are maintained and fed in
confinement. For consistency, the farm had a 100-cow herd on 134 ha
of land, and the farm was simulated using the same daily weather and
soil characteristics used for the grass-based production systems.
Following the characterisitcs of most Pennsylvania dairy farms (Holly
et al., 2019), cropland included 64.7 ha of maize producing both silage
and grain with 28.3 ha of alfalfa and 40.5 ha of perennial grassland. The
annual cow replacement rate was 38% with 82 heifers produced on the
farm including those greater than and those less than one year of age.
Annual milk production was set at the state average of 9459 kg per cow
(USDA-NASS, 2019). Milk fat content was 3.5% giving a yield of
8725 kg FPCM. Cows were housed in free stall barns where manure was
removed daily and stored as slurry in a bottom-loaded tank. Replace-
ment heifers were housed in a bedded pack barn. All manure was re-
moved and applied to cropland in the spring and fall.

A final comparison was to a summary of all dairy farms in
Pennsylvania. In a previous study, dairy farms were characterized and
evaluated throughout the state to determine the environmental impacts
of dairy production (Holly et al., 2019; Rotz et al., 2020). Total and
average state-wide impacts were determined weighted by the amount
of milk produced by individual farms. The average of all dairy farms in
the state had 71 cows and 58 replacement heifers on 113 ha of crop and
pasture land. Farms produced most of their forage and some of the

Table 1
Emission or use factors for production of purchased resources and feeds, in-
cluding transport and upstream sources, used in IFSM to determine cradle-to-
farm gate footprints of dairy production systems in Pennsylvania.

Resource Unit Greenhouse gas
emission, kg
CO2e

Fossil
energy
use, MJ

Blue
water
use, L

Reactive N
loss, g N

Energya

Fuel /L 0.522 4.01 – 0.48
Electricity /kWh 0.629 5.00 – 0.27

Fertilizera

Nitrogen /kg N 3.11 62.4 – 0.91
Phosphate /kg P2O5 1.84 32.5 – 1.87
Potash /kg K2O 1.30 18.4 – 0.53

Limea /t 14 190 – 9.0
Machineryb /kg mass 3.54 42.6 – 1.22
Seedc /kg 0.30 85.0 2.0 3.0
Pesticideb /kg a.i. 22.0 275 – 11
Plastic wrapd /kg 2.0 50.0 – –
Purchased or

sold
heifersc

/kg BW 14.0 25.0 100 0.16

Purchased feed
Maize grainc /kg DM 0.37 3.58 10.0 4.9
Hayc /kg DM 0.18 1.16 1.0 0.9
Soybean
meale

/kg DM 0.37 4.27 10.0 2.2

Protein mixf /kg DM 0.82 6.25 10.0 1.0
Fatf /kg DM 1.52 12.2 5.0 1.0
Mineral and
vitamin
mixf

/kg DM 1.62 16.2 6.0 0.0

a Obtained from BASF's Eco-efficiency analysis tool representative of U.S.
national values (BASF, Ludwigshafen, Germany).
b Obtained from the Greenhouse Gases, Regulated Emissions, and Energy use

in Transportation (GREET) model (Argonne National Laboratory, Argonne, IL).
c Obtained from simulated farms using the Integrated Farm System Model

(USDA, 2018). Phosphorus loss in maize grain production was 0.12 g/kg DM
produced.
d Rotz et al. (2010).
e Derived from simulations of maize and soybean crop farms using the

Integrated Farm System Model (USDA, 2018) and processing resource use with
an economic allocation among the coproducts of the grains produced.
f Unpublished data (Greg Thoma, University of Arkansas, Fayetteville, AR).
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maize grain required to feed their cattle. Most of the milk in the state
was produced on farms with cows fed total mixed rations in confine-
ment. This comparison to all Pennsylvania dairy farms provided a
broader perspective of grass-based systems relative to all dairy farms
throughout the state. The number of grass-based farms and the milk
produced by them was small compared to all farms in the state, so they
had little effect on the overall results for the state.

3. Results and discussion

IFSM simulations indicated environmental and economic tradeoffs
for grass-based dairy farms. Grass-based production systems generally
showed lower nutrient losses and environmental footprints than con-
finement systems. However when considered as an intensity expressed
per kg FPCM produced, grass-based production often showed greater
nutrient losses and environmental footprints than confinement systems.
With current pricing, grass-based farms showed clear economic ad-
vantage, both in terms of returns per hectare and per kg FPCM.

3.1. Characteristics of grass-based dairy farms

The eight grass-based dairy farms varied in size from 26 to 240 cows
with an average around 100 cows (Table 4). This size was re-
presentative of dairy farms in the state, where the recent average herd
was 71 cows (Holly et al., 2019). As is often reported for grazing herds,
the annual cow replacement rate was relatively low varying from 8 to
35% with an average of 20%. Replacement heifers were produced on all
farms with an average of 0.58 heifers maintained per cow.

Cattle breed included Jersey, Ayrshire and Holstein genetics with
most cattle being a mixed breed of Jersey and Holstein. With these
different genetics, fat content of the milk produced varied among farms
from 3.8 to 4.5%. Cows on the all-grass farms averaged 4.4% fat and
those supplemented with grain averaged less at 4.05% fat (P < .05).
Annual milk production varied from 3039 to 6785 kg FPCM/cow. Herds
fed only grass had lower production (P < .05) averaging 3651 kg
FPCM/cow while those supplemented with grain averaged 6049 kg
FPCM/cow.

Housing facilities varied with some difference between the all-grass
and grass with grain farm types. On farms that supplemented with
grain, animals spent more time in barns where free stalls were com-
monly used for cows with a bedded pack used in heifer housing. For the
all-grass farms, cows were typically housed in a bedded-pack barn with
no housing for heifers. Manure from free stall barns was stored and
applied as a slurry and bedded pack manure was handled as a solid.
Most of the manure was surface applied to perennial grassland without
incorporation into the soil.

Farm areas varied from 40.5 to 251 ha with an average of 124 ha.
Land areas per cow were similar across both types of farms averaging
1.4 ha/cow (Table 4). Essentially all land was used to produce forage.
One farm included an oat grain crop where the grain was sold and the
straw was harvested and used for bedding of cattle. Most of the land
was in perennial grassland. Five of the farms reported this as permanent
grassland while three reported reestablishing 10–15% of the grassland
per year.

Legumes were reported in the grassland with the predominant
species being white clover. The portion of legume in the sward was
reported between 10 and 40% with an average about 25% for both farm
types. Annual forage crops were grown on half of the farms of each
type. Annual crops included triticale, field peas and oats, sorghum,
sorghum-sudan grass, and maize silage. Annual crops were established
using moderate (disk and/or harrow) to heavy (plow with disk and
harrow) tillage operations.

Each of the surveyed farms was simulated to verify that the model
properly represented the performance of the operation. Actual farm and
simulated performance data compared were crop yield and feed pro-
duction, feeds bought and sold, animal numbers, and milk production.
Although hard numbers were not available for grass yield and supple-
mental feed use, we confirmed that simulated data generally agreed
with what the producers felt represented long-term production of their
farm (Table 4). Producers were asked to provide values that represented
this information over multiple years of weather, not necessarily what
was happening that particular year. This was particularly true for feed
production and use, which can be quite variable from year to year as
influenced by weather. This verification helped support that predicted
nutrient flows, emissions and production costs were properly re-
presented.

Most of the grass-based farms maintained a long-term balance of
forage production with that used, but one farm purchased some forage
most years and a couple farms had excess forage to sell during some

Table 2
Summary of 25 years of weather data (daily solar radiation, daily mean temperature, annual precipitation and daily wind speed)a used in simulating grass-based
dairy farms in Pennsylvania.

City Solar radiation, MJ/m2 Temperature, °C Precipitation, mm Wind, m/s

Mean St. dev. Mean St. dev. Mean St. dev. Mean St. dev.

Chambersburg 13.8 1.25 11.7 0.67 1084 216 3.4 0.46
Harrisburg 14.3 0.40 12.1 0.68 1066 182 3.4 0.44
Lancaster 13.3 1.33 12.1 0.85 1074 167 3.6 0.38
Lewistown 13.4 0.68 11.0 0.68 1067 197 2.8 0.28
State College 13.4 0.68 10.2 0.80 1006 197 2.8 0.28
Williamsport 13.2 0.70 10.5 0.66 1059 164 3.0 0.38

a Obtained from the Integrated Surface Database of the National Climatic Data Center, National Oceanic and Atmospheric Administration (NOAA, 2019).

Table 3
Soil characteristics used for locations simulated across Pennsylvania.

Farm Predominant soil
type

Soil texture,a % Density, g/
cm3

Available
water, mm

Clay Silt Sand

All-grass
1 Ungers loam 15.6 44 40.4 1.31 130
2 Volusia channery

silt
17 60 23 1.30 90

3 Berks-Weikert
complex

21 48 31 1.36 90

4 Covegap cobbly
sandy loam

18 32 50 1.30 140

Grass with grain
supplementation

1 Berks channery
silt loam

15 61 24 1.36 80

2 Duffield silt loam 24 54 22 1.32 130
3 Mardin channery

silt loam
15 60 25 1.30 88

4 Hagerstown silty
clay loam

33 52 15 1.36 120

a Soil characteristics based upon common soils found in each region as ob-
tained from the Web Soil Survey (NRCS, 2019).
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weather years. On the all-grass farms, the only concentrate fed was that
of supplemental minerals and vitamins. For farms where grain and
protein supplements were fed, simulated daily concentrate use aver-
aged 5.5 kg DM/cow during lactation or 4.6 kg DM/cow over the full
year (Table 4). Total annual feed consumption for the whole herd, in-
cluding all forage and pasture, averaged 15.9 kg DM/cow per day for
the all-grass farms and 19.4 kg DM/cow per day for those supple-
menting with grain and protein feeds (P < .05). This indicated sig-
nificantly different (P < .05) whole-herd feed efficiencies of 0.63 and
0.86 kg FPCM/kg of feed dry matter consumed for the all-grass and
grass with grain farms, respectively.

3.2. Environmental impacts of grass-based farms

For most environmental metrics considered, there were large var-
iations among farms (Table 5). In comparing values for the two farm
types of all-grass and grass with grain, differences were observed but
there was often overlap among individual farm values, and few dif-
ferences were determined as statistically significant.

Among farms, simulated ammonia emissions ranged from 7.3 to
20.4 g N/kg FPCM (Table 5). Emissions from the all-grass farms aver-
aged less than those from farms supplementing with grain when ex-
pressed per unit of farmland and greater when expressed per unit of
milk produced with no significant differences. Most of the difference
was due to a farm that reported a high (40%) legume content in their
pasture (Table 4, grass with grain farm 4). This contributed to less ef-
ficient use of protein by the cattle, greater urea excretion, and thus
more ammonia emission from pastures and other manure sources on the
farm (Rotz et al., 2014). Due to the high protein intake on this farm,
similar increases relative to other farms were found for nitrate leaching,
denitrification losses and nitrate runoff (Table 5).

Predicted phosphorus runoff losses were primarily influenced by
soil erosion, which in turn, was determined by the amount of annual
forage crops grown and the tillage practices used to establish those
crops (Table 5). The greatest simulated phosphorus loss and soil erosion
came from the all-grass farm 2 that included annual crops of triticale,
sorghum and field peas, and these crops were established using heavy
tillage with moldboard plow, disk and harrow operations. For farms
that used permanent pastures with little renovation, simulated phos-
phorus runoff was low. Averaged over farms, similar losses occurred

from both farm types. For the grass with grain system, losses expressed
per unit of milk included losses associated with producing the pur-
chased grain. This inclusion offset by greater milk production through
grain supplementation produced losses per unit of milk similar to those
from all-grass farms where no grain was purchased.

Long-term accumulation of soil phosphorus was relatively low on
both types of grass-based farms and the amount accumulated was re-
lated to the amount of poultry manure brought onto the farm, primarily
for nitrogen fertilization (Table 5). Although the all-grass operations
showed greater accumulation, the levels were small and not related to
farm type.

There was a trend toward less energy and water use on all-grass
farms (Table 5). With less reliance on purchased feed, less energy and
water were used by this type of farm when expressed per unit of
farmland or per unit of milk. Because of the large variation among
farms though, these differences were not significant. The average of all
reactive nitrogen losses, including that lost in producing resources used
on the farm, indicated less loss per unit of land area for the all-grass
farms, but less for the grass with grain farms when expressed per unit of
milk produced. Total GHG emission averaged less for the all-grass
farms. With the lower milk production though, the GHG emission in-
tensity or carbon footprint expressed per unit of milk produced was
26% greater (P < .05) than that averaged over the four farms sup-
plementing with grain.

Our economic analysis revealed some advantage for the all-grass
farms (Table 5). Cost of production expressed per hectare of farmland
averaged 40% less for the all-grass farms, but due to lower milk yield,
this cost was 20% greater than that of the grass with grain farms when
expressed per unit of milk produced. Although these trends were found,
they were not significantly different. With the greater price for milk
from the all-grass farms (p < .05), net returns to management and
labor were similar across the two farm types on a per hectare basis.
Through direct sales of portions of their milk, two of the all-grass farms
had a greater profit margin when expressed per unit of milk produced.

3.3. Comparision of dairy production systems

Characteristics of the grass-based and confinement dairy production
systems using farms of the same size, soil type and weather conditions
are provided in Table 6. Forage production and use was similar across

Table 4
Farm size, reported milk price, and simulated feed use for grass-based dairy farms in Pennsylvania.

Farm characteristica All grass farms Grass with grain farms Average Average

1 2 3 4 1 2 3 4 All-grass Grass with grain

Total fam area, ha 85.0 179.3 146.9 121.4 60.7 250.9 106.8 40.5 133.1 114.7
Grass area, ha 85.0 149.7 132.3 121.4 40.5 202.4 106.8 40.5 122.1 97.5
Stand life, years 100 10 100 15 10 100 100 100 56 78
Legume portion in sward, % 25 30 20 25 30 30 10 40 25 28
Other crop area, ha 0.0 29.5 14.6 0.0 20.2 48.6 0.0 0.0 11.0 17.2
Number of cows 85 80 133 85 95 240 43 26 96 101
Number of heifers 45 29 44 60 45 200 31 18 45 74
Heifers/cow 0.53 0.36 0.33 0.71 0.47 0.83 0.72 0.69 0.48 0.68
Replacement rate, % 8 12 12 24 35 33 24 10 14 26
Annual milk production, kg FPCM/cow 3039 4396 4237 2931 6785 5988 5112 6312 3651 6049⁎

Milk fat content, % 4.2 4.5 4.4 4.5 4.1 4.1 3.8 4.2 4.4 4.1⁎

Land use, ha/animal 0.65 1.64 0.83 0.84 0.43 0.57 1.44 0.92 0.99 0.84
Land use, ha/cow 1.00 2.24 1.10 1.43 0.64 1.05 2.48 1.56 1.44 1.43
Milk price, $/kg 0.77 0.78 0.82 1.06 0.55 0.66 0.75 0.55 0.86 0.61⁎

Grazed forage consumed, t DM 306 181 438 187 229 445 62 100 278 209
Forage bought (sold), t DM 0 0 38 (12) 0 0 (19) (40) 5 (16)
Concentrate fed, t DM 3 3 5 3 194 415 62 39 3 178⁎

Feed consumed, kg DM/animal/day 9.7 11.5 12.5 9.7 12.4 11.2 10.4 12.4 10.8 11.6
Feed consumed, kg DM/cow/day 14.8 15.7 16.7 16.5 18.2 20.6 18.0 20.9 15.9 19.4⁎

Herd feed efficiency, kg FPCM/kg DM 0.56 0.77 0.70 0.49 1.02 0.80 0.78 0.83 0.60 0.86⁎

⁎ Indicates a significant difference between the all-grass and grass supplemented with grain farms (P < .05).
a Most farm characterisitcs were obtained through farm visits. Feed production and use data are simulated results confirmed by the producer as typical annual use.
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the farm types with grain making up 0, 26, and 33% of total feed
consumption for the all-grass, grass with grain and full confinement
production systems, respectively. Total feed consumption increased
with the increase in milk yield, but whole-herd feed efficiency also
improved from 0.61 kg FPCM/kg DM of feed with all grass feeding to
0.91 kg FPCM/kg DM of feed with full confinement feeding (Table 6).

Nitrogen losses from the all-grass production system were somewhat
greater, and when expressed per unit of milk produced, they were much
greater than that from the grass with grain system (Table 7). This was
primarily due to differences in manure handling. Following the prac-
tices of the actual farms, cows on the grass with grain system were
housed in free stall barns with liquid manure handling, and bedded
pack barns were used in the all-grass system with solid manure

handling. With the liquid manure, more of the nitrogen infiltrated into
the soil providing less runoff. Nitrogen losses from the grass with grain
farms were similar to those found on the full confinement farm except
that surface runoff losses were less. Greater runoff loss occurred from
the confinement system due to greater use of annual crops, particularly
maize, which required more fertilizer use with more frequent tilling of
the land and less ground cover. The total of all reactive N losses was less
for the grass-based dairies than that of the confinement dairy. When
expressed per unit of milk produced, this nitrogen emission intensity
was much greater for the all-grass production system.

Similar to nitrogen runoff, predicted phosphorus runoff loss was a
little greater from the all-grass production system compared to the grass
with grain system and much greater when expressed per unit of milk
produced (Table 7). Phosphorus loss from both of the grass-based sys-
tems was much less than that predicted for the full confinement op-
eration where much of the farmland was tilled each year. Expressed per
unit of milk produced, the loss from the grass with grain system (which
included loss from the farm producing purchased grain) was less than
that of the other two production systems. A whole-farm balance,
showed the lowest buildup of soil phosphorus for the confinement op-
eration (Table 7). This was obtained through more efficient fertilizer
use. The confinement operation used 56 kg/ha of phosphate fertilizer
when alfalfa land was reestablished, which was enough to maintain a
long-term balance. The grass-based systems used poultry manure, pri-
marily to meet nitrogen needs, which led to over application of phos-
phorus. Although this buildup of soil phosphorus was relatively small,
the accumulation over time would potentially lead to greater runoff
losses in the future.

As indicated by the individual farm simulations, fossil energy use
was much less for the all-grass production system than for the system
using grain supplementation (Table 7) due primarily to the energy re-
quired to produce and transport the grain. As would be expected, the
greatest energy use was with the confinement feeding system. When
expressed per unit of FPCM produced, the lowest user was still the all-
grass system where few machinery operations were used. The other two
systems had similar energy use per unit of FPCM, 30% greater than that
of the all-grass system. Due to water use in producing purchased feeds,

Table 5
Predicted environmental impacts of the grass-based dairy farms simulated in Pennsylvania.

All grass farms Grass with grain farms Average of farms

1 2 3 4 1 2 3 4 All grass Grass & grain

Ammonia volatilized, kg/ha 47.6 15.4 32.1 41.9 77.4 44.6 12.1 44.6 34.2 44.7
Ammonia volatilized, g N/kg FPCM 15.7 7.8 8.4 20.4 7.3 7.8 5.9 11.0 13.1 8.0
Nitrate leached, kg/ha 31.4 25.9 18.9 83.5 17.0 28.6 30.5 34.1 39.9 27.5
Nitrate leached, g N/FPCM 10.3 13.2 4.9 40.7 1.6 5.0 14.8 8.4 17.3 7.5
N denitrified, kg/ha 9.5 9.5 12.8 22.3 22.6 15.9 7.2 14.3 13.5 15.0
N denitrified, g N/FPCM 3.1 4.9 3.3 10.9 2.1 2.8 3.5 3.5 5.5 3.0
N runoff, g N/ha 0.0 0.8 1.1 2.2 1.7 0.4 0.4 0.5 1.0 0.8
N runoff, mg N/FPCM 15.9 432 283 1049 165 72.4 173 124 445 134
P runoff, g P/ha 0.06 0.86 0.53 0.04 0.42 0.46 0.31 0.16 0.37 0.34
P runoff, mg P/FPCM 20.6 441 137 19.7 75.8 115 186 68.6 155 111
Soil P accumulation, kg P/ha 7.1 4.4 1.2 9.2 3.8 9.0 2.9 0.1 5.5 4.0
Soil P accumulation, g P/FPCM 2.3 2.2 0.3 4.5 0.4 1.6 1.4 0.0 2.3 0.8
Sediment erosion, kg/ha 35 1479 692 16 657 581 275 83 555 399
Blue water use, Mg/ha 35.2 31.0 50.3 22.7 103 152 40.1 51.7 34.8 86.7
Blue water use, kg/kg FPCM 11.6 15.8 13.1 11 9.7 26.6 19.5 12.8 12.9 17.1
Energy use, GJ/ha 4.17 6.16 6.06 4.77 24.19 14.25 7.65 8.39 5.3 13.6
Energy use, MJ/kg FPCM 1.37 3.14 1.58 2.33 2.28 2.49 3.72 2.07 2.10 2.64
Reactive N footprint, g N/ha 58.5 36.6 46.0 75.4 120. 58.1 26.8 68.2 54.1 68.3
Reactive N footprint, g N/kg FPCM 19.2 18.7 12.0 36.8 11.3 10.1 13.0 16.8 21.7 12.8
Carbon footprint, Mg CO2e/ha 4.29 3.06 5.10 3.90 11.04 6.64 2.65 5.15 4.1 6.4
Carbon footprint, kg CO2e/kg FPCM 1.41 1.56 1.33 1.90 1.04 1.16 1.29 1.27 1.55 1.19⁎

Production cost, $/ha 2162 1201 1802 1683 5063 3323 1344 1851 1710 2895
Production cost, $/kg FPCM 0.71 0.61 0.47 0.82 0.48 0.58 0.65 0.46 0.65 0.54
Net return to management & labor, $/ha 309 259 1275 452 894 561 309 586 574 588
Net return to management & labor, $/kg 0.10 0.13 0.33 0.22 0.08 0.10 0.15 0.14 0.20 0.12

⁎ Indicates a significant difference between the all-grass and grass-supplemented with grain farms (P < .05).

Table 6
Normalized all-grass, grass with grain supplementation, and confinement-fed
dairy production systems.

All grass Grass with
grain

Confinement fed

Total crop and pasture area, ha 133.6 133.6 133.6
Grass area, ha 120.2 120.2 40.5
Other crop area, ha 13.4 13.4 93.1
Number of cows 100 100 100
Number of heifers 67 67 82
Heifers/cow 0.67 0.67 0.82
Replacement rate, % 14 26 38
Annual milk production, kg FPCM/

cow
3879 6056 8725

Land use, ha/animal 0.80 0.80 0.73
Land use, ha/cow 1.34 1.34 1.34

Hay and silage produced, t DM 282 322 560
Grazed forage consumed, t DM 348 208 84
Forage bought (sold), t DM 0 0 0
Concentrate fed, t DM 4 190 312
Feed consumed, kg/animal/day 10.4 11.7 14.4
Feed consumed, kg/cow/day 17.3 19.6 26.2
Herd feed efficiency, kg FPCM/kg

feed DM
0.61 0.85 0.91
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blue water use was least for the all-grass farm (Table 7). It was slightly
greater than the other production systems though, when expressed per
unit of milk produced. Greenhouse gas emissions varied from a low for
the all-grass system to the highest with the confinement system
(Table 7). Expressed per unit of milk, the greatest GHG intesity came
from the all-grass system with the lowest from the grass with grain
system.

Simulated production costs were lowest for the all-grass production
system with similar costs for the other two systems (Table 7). Expressed
per unit of milk produced, total production cost was much less for the
confinement operation. Considering the greater milk price, the all-grass
system provided the largest net return to management and labor, par-
ticularly when expressed per unit of milk produced.

3.4. Comparison to Pennsylvania dairy production

The final comparison was to results found in the previous study
representing all dairy farms in Pennsylvania (Rotz et al., 2020). In
general, feed production and use on Pennsylvania dairy farms was si-
milar to that simulated for the confinement fed dairy production
system. Over all farms, total feed consumption of the herd (including
heifers) was 25.4 kg DM/cow per day with a feed efficiency of 0.94 kg
FPCM/kg DM. These values were similar to those predicted for the
confinement production system of our current study (Table 6), which
helped verify or support our analysis.

Nutrient losses from the production systems in the current study
were generally greater than those found across all Pennsylvania farms.
Through less efficient fertilizer use, less efficient protein feeding, and
lower milk production, greater nitrogen losses per unit of land area or
per unit of milk were found on grass-based dairies (Table 7). The
greatest difference was for nitrate leaching, which was primarily due to
the greater leaching of nitrogen from urine deposits of grazing animals
in the grass-based systems. The nitrogen applied to the small area of a
urine spot is in great excess of plant growth requirement leading to
greater leaching, volatilization, nitrification and denitrification emis-
sions (Rotz, 2004). Accumulation of soil phosphorus per unit of

farmland on grass-based systems was similar to that of Pennsylvania
dairies (Table 7). When expressed per unit of milk produced, accumu-
lation was greater on the relatively low milk producing grass-based
farms. For this particular metric though, accumulation over the farm
area is the more important measure with potential impacts at regional
and watershed scales.

Life cycle fossil energy use in milk production was greater over all
Pennsylvania farms than that used in grass-based operations whether
expressed per unit of land or milk produced (Table 7). This greater
energy use was due to greater use of machinery operations for tillage,
planting, harvesting and feeding of annual crops. Greenhouse gas
emissions per unit of farmland were similar between grass-based and all
Pennsylvania farms. With the intensity expressed per unit of FPCM
produced though, the greater milk production per cow over all Penn-
sylvania farms (Table 7, last column) created a lower intensity for the
milk produced through confinement and semi-confinement production
systems (Rotz et al., 2020).

Cost of production and net return data for all Pennsylvania dairy
farms came from farm records obtained through a farm survey (Holly
et al., 2019). Since the costs come from different sources and meth-
odologies, their comparison is only general. Cost of production and net
return for the simulated confinement production system were similar to
those reported for Pennsylvania dairy farms, which helped verify our
simulated systems. Production cost per hectare for Pennsylvania farms
fell between those predicted by the model for the two grass-based
systems (Table 7). When expressed per unit of milk produced, reported
costs were much less for the Pennsylvania farms. Due to the greater
milk price received though, the grass-based farms were more profitable
per unit of land or per unit of milk produced (Table 7).

3.5. Other considerations

Simulation of the farms provides information on the performance,
environmental impacts and economics of production systems.
Environmental impacts of importance in dairy production depend upon
the desired goal. Losses of nutrients per unit of land are important to

Table 7
Predicted environmental impacts and economics of simulated grass-based and confinement dairy production systems and the weighted average of all dairy farms in
Pennsylvania.

Production system All Pennsylvania farms⁎

All grass Grass with grain Confined fed TMR

Ammonia volatilized, kg/ha 51.0 43.7 62.4 33.8
Ammonia volatilized, g N/kg FPCM 17.6 9.6 9.6 6.3
Nitrate leached, kg/ha 23.0 21.3 33.9 15.6
Nitrate leached, g N/kg FPCM 7.9 4.7 5.2 2.9
Denitrified N, kg/ha 13.0 12.0 15.9 11.1
Denitrified N, g N/kg FPCM 4.5 2.6 2.4 2.1
Runoff N, kg/ha 1.2 0.7 2.2 0.7
Runoff N, mg N/kg FPCM 425 148 331 124
Runoff P, kg/ha 0.67 0.56 1.47 0.43
Runoff P, mg P/FPCM 232 161 268 128
Soil P accumulation, kg P/ha 5.5 9.1 1.5 3.7
Soil P accumulation, g P/FPCM 1.9 2.0 0.2 0.7
Blue water use, Mg/ha 46.5 58.9 86.9 75.5
Blue water use, kg/kg FPCM 16.0 13.0 13.3 14.0
Energy use, GJ/ha 5.81 11.8 16.9 14.5
Energy use, MJ/kg FPCM 2.00 2.60 2.58 2.69
Reactive N footprint, g N/ha 65.7 61.7 82.8 45.4
Reactive N footprint, g N/kg FPCM 2.54 1.53 1.42 0.94
Carbon footprint, Mg CO2e/ha 4.24 5.21 8.36 5.34
Carbon footprint, kg CO2e/kg FPCM 1.46 1.15 1.28 0.99
Milk price, $/kg 0.81 0.61 0.40 0.40
Production cost, $/ha 1478 2523 2303 1678
Production cost, $/kg FPCM 0.51 0.56 0.35 0.31
Net return to management & labor, $/ha 855 324 670 529
Net return to management & labor, $/kg FPCM 0.29 0.07 0.10 0.10

⁎ Results from an analysis representing all dairy farms in Pennsylvania (Rotz et al., 2020).
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consider when the goal is to reduce the impact on watersheds or other
local areas. For long-term sustainability of food production, the goal
becomes producing food with the least environmental harm and use of
available land and resources. Thus, the impact per unit of milk pro-
duced becomes most important.

The two grass-based dairy production systems offered lower en-
vironmental impacts than the traditional confinement dairy for most of
the metrics considered when expressed per unit of farmland. In central
and eastern Pennsylvania, there is great interest in reducing nutrient
losses to the Chesapeake Bay, and in the western part of the state, there
is concern for impacts on Lake Erie. Nutrient losses in these watersheds
are contributing to eutrophication of these large and important water-
bodies (Boesch et al., 2001; Kleinman et al., 2019). Thus, priority in
environmental sustainability assessment in this region has been given to
reducing nutrient losses per unit of land. With less loss per unit of land,
fewer nutrients should enter the waterbodies. From this perspective,
grass-based dairy systems provide a benefit by reducing nitrogen and
phosphorous losses from farms and potentially reducing pollution to
downstream surface waters.

Energy use and GHG emissions have impacts far beyond a local
watershed, so it is important to view these environmental indicators
from a global perspective. From this perspective, all-grass dairies can
provide more milk per unit of fossil energy used. Because more in-
tensive systems using grain feeding can generate lower GHG emissions
per unit of FPCM, these farming systems may translate to lower total
emissions when aggregated across a global or regional supply chain.
With a growing world population and limited land and other resources,
grain-supplemented dairy systems with lower GHG emissions per kg
FPCM may, therefore, have climate mitigation advantages compared to
more extensive grass systems.

This study is one the first whole-farm environmental analyses of all-
grass dairy farms in the U.S. and adds new data to the growing litera-
ture of LCA's of milk production systems. A recent meta-analysis of
LCA's comparing confinement and mixed grass and grain dairies in
Europe found that grass-based dairies showed slightly lower carbon
footprints per kg FPCM than confinement farms on average, with con-
siderable variation across studies (Lorenz et al., 2019). This meta-
analysis showed that within a particular management system type (i.e.
confinement or grass-based), increases in animal milk yield were cor-
related with lower emissions per kg FPCM. To this point, we found si-
milar relationship between milk production and carbon footprint across
our sample of grass-based dairies. The large variation in milk yield
among farms along with other management differences indicates op-
portunities to improve the median production and environmental per-
formance of grass-based dairies.

When assessing GHG emissions from grass-based systems, carbon
sequestration is often noted as an important benefit for perennial
grassland. When cropland or other land depleted in soil organic matter
is converted to perennial grassland, considerable amounts of carbon can
be sequestered or stored in the soil through the accumulation of organic
matter. Depending upon soil properties and initial conditions, this ac-
cumulation of organic matter can continue for 20 or more years
(Franzluebbers, 2005). The rate of accumulation decreases with time
until the soil reaches a long-term balance where carbon emissions equal
that added through plant and manure residue. During this transition
period, soil accumulation of carbon can potentially offset a substantial
portion of the carbon footprint of the milk produced in grass-based
systems. Reported rates of carbon sequestration following the conver-
sion of cropland to perennial grassland vary widely. Long-term average
rates in temperate regions often fall in the range of 0.5 to 1.0 Mg C/ha
per year over a 15 to 20 year transition period (Franzluebbers, 2005;
Spangler et al., 2011; Kaempf et al., 2016). Following this period, little
additional sequestration can be expected (Skinner, 2008). Applied to
these farms, this range gives a potential carbon offset of 0.6 to 1.3 kg
CO2e/kg FPCM for the all-grass production system and 0.4 to 0.8 kg
CO2e/kg FPCM for the grass with grain system. This indicates that these

systems can have a much lower carbon footprint than confinement
systems during this transition period. Beyond this period though, grass-
based systems lose this benefit. Management transitions in annual
cropping systems, such as cover cropping or no-tillage, can also result in
carbon sequestration, but at lower rates of 0.14 to 0.17 Mg C/ha per
year with shorter transition periods (West and Marland, 2002).

4. Conclusions

For many metrics considered, grass-based grazing dairy production
systems with or without supplemental grain feeding had less environ-
mental impact on a per unit of farmland basis, but greater impact per
unit of milk produced than a more traditional confinement feeding
system. As exceptions to these general trends, we found that soil P
accumulation was greater on grass-based dairies while energy use was
lowest on all-grass dairies, on both a per unit land and per unit of milk
basis. Production costs were lower for the all-grass dairies than those
supplemented with grain. With a greater milk price, the all-grass dairy
production system provided greater profitability per unit of land use
and per unit of milk produced compared to the other production sys-
tems of similar size. These findings suggest that grass-based systems can
be a viable strategy for sustaining family-scale dairies and for managing
water quality in local watersheds. From the perspective of global supply
chains, confinement systems may provide smaller nutrient losses and
aggregate carbon footprints by producing more food per unit of impact.
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