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ABSTRACT. Tie-stall housing (93%) and solid manure management (44%) are used on many dairy farms in the province of
Québec, Canada. However, this could change in the near future because the rise in average herd size and the popularity of
milking robots are such that the industry expects an increase in free-stall dairies managing manure with liquid systems.

This shift could affect the carbon (C), nitrogen (N), and phosphorus (P) footprints of Québec’s dairy production. In this

context, whole-farm modeling (N-CyCLES), considering all the production cycle, provides a tool for evaluating the eco-

nomics and environmental impacts of standard housing and manure management systems (Part 1) in combination with

different mitigation approaches (Part II). Two representative dairy farms in southwestern Quéebec (SWQ; 45.3° N, 73.2° W)

and eastern Québec (EQ; 48.45° N, 68.1° W) were simulated considering four scenarios involving combinations of tie-stall
or free-stall housing and solid or liquid manure management. Maximum farm net income (FNI) was $0.33 and $0.18 kg

of fat- and protein-corrected milk (FPCM) for the SWQ and EQ farms, respectively, with N and P footprints of 12.22 to
16.99 g N kg and 0.52 to 0.79 g P kg™ of FPCM in SWQ, and 11.48 to 15.39 g N kg' and 1.41 to 1.88 g P kg of FPCM
in EQ. Greenhouse gas (GHG) emissions reached 1.78 to 1.87 kg COze kg™ and 1.67 to 1.71 kg COe kg™ of FPCM in SWQ
and EQ, respectively. The SWQ farm was associated with greater production of cash crops but also greater imports of
fertilizers and purchased feeds, which negatively affected the N footprint and GHG emissions. Housing and manure man-

agement types did not influence FNI. Free-stall dairies were associated with greater N surpluses. Nevertheless, they emitted
slightly less GHG than tie-stall dairies. Dairy farms under liquid manure management imported less fertilizers and produced
less GHG despite greater CHy emissions. As a result, the current transition toward free-stall barns and liquid manure
systems in Québec seems advantageous from an environmental standpoint without compromising economic profitability.

Keywords. Climate change, Dairy cow, Farm net income, Free stall, Greenhouse gas emission, Manure handling, Mitiga-
tion, Nutrient footprint, Tie stall, Whole-farm model.

airy production in the province of Québec, Can-
ada, is characterized by family-run farms (PLQ,
2018) using tie-stall housing (93%; CDIC, 2016)
and solid manure management (44%; Quantis et
al., 2012) in a large proportion. However, the recent consol-
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idation of Québec farms has led to an increase in the average
herd size (from 49 to 65 milking cows per farm from 2005
to 2017; AGECO, 2018), which is expected to induce a shift
toward free-stall housing with liquid manure systems in the
near future (Valacta, 2015) for practical and economic rea-
sons (Jayasundara and Wagner-Riddle, 2014; Sheppard et
al.,, 2011). Furthermore, new animal welfare regulations
(Villettaz Robichaud et al., 2018) and the difficulty to recruit
qualified workers, along with technological advancements in
automated milking systems (Valacta, 2015), are prompting
Québec dairy producers to rethink the way they operate.
The projected transition may involve changes in green-
house gas (GHG) emissions from Québec dairy farms be-
cause the anaerobic nature of liquid manure systems in-
creases the potential for methane (CHa) release, while solid
manure systems are substantial contributors of nitrous oxide
(N>O) through nitrification and denitrification processes
(Chadwick et al., 2011; Gerber et al., 2013; Jayasundara et
al., 2016). With dairy production contributing 3.4% of the
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province’s total GHG emissions (FPLQ, 2012; MDDELCC,
2016; Quantis et al., 2012), the upcoming conversion to lig-
uid manure systems might affect the objective of Québec’s
government to reduce provincial GHG emissions by 20% be-
low those of 1990 by 2020 (MDDELCC, 2018). Global
warming has become an important concern, as we are gen-
erally experiencing warmer and more variable weather. It is
expected that annual temperatures will rise by approximately
2°C to 4°C for the 2041-2070 period depending on location
in the province. In addition, all areas in the province of Qué-
bec can expect an increase in annual precipitation. Rapid cli-
mate change poses risk to the well-being of society and sus-
tainable development (Ouranos, 2015).

Consequently, dairy producers must implement strategies
for limiting GHG emissions to help control global warming.
Before evaluating alternatives in manure management and
bedding materials for mitigating GHG emissions and reduc-
ing the environmental impact of dairy farms (discussed in
Part IT), the overall effect of a change in barn configuration
needs to be addressed. To date, much research has focused
on quantifying emissions from various sources within the ag-
ricultural production system with the aim of establishing
emission factors; for example, Jayasundara et al. (2016) re-
viewed CH4 and N,O emissions from tie-stall or free-stall
barns with solid or liquid systems in Canadian dairy farms.
However, this source-level approach does not reflect the net
impact of any management strategy on the animal-barn-stor-
age-field continuum (AAFC, 2014). Some mitigation
measures aimed at reducing emissions from livestock hous-
ing and manure tanks will result in potentially greater losses
at the manure spreading level, reducing the overall effective-
ness of such measures. Therefore, a whole-farm perspective
is important, and indirect impacts on emissions from other
sources and emissions of other pollutants should be consid-
ered (Petersen et al., 2007).

Farm-scale modeling provides a method for assessing the
environmental footprint of different housing and manure

handling systems (Rotz et al., 2016). The model N-CyCLES
(Nutrient Cycling: Crops, Livestock, Environment, and
Soils), an Excel-based linear program, is one of the tools de-
veloped to optimize feeding, cropping, fertilizer use, and
manure allocation as a single unit of management under
Québec conditions (Pellerin et al., 2017). Because any man-
agement change must maintain or improve production and
be economically viable to preserve sustainable production,
N-CyCLES also provides estimates of farm net income
(FNI) when resources are allocated to reduce nitrogen (N)
and phosphorus (P) footprints while optimizing the four
aforementioned areas. The objective of this study was to
compare FNI, N and P footprints, and GHG emissions while
optimizing FNI under four scenarios involving combinations
of tie-stall or free-stall housing with solid or liquid manure
management for two dairy farms under contrasting climates
(southwestern and eastern Québec).

MATERIALS AND METHODS
MODEL DESCRIPTION

N-CyCLES (fig. 1) is a Microsoft Excel (Microsoft
Corp., Redmond, Wash.) based linear optimization model
(Wattiaux, 2018), running with an open-source add-in (Ma-
son, 2011). It may be set to maximize FNI or to minimize
the N or P footprint or GHG emissions. Farm net income is
calculated as the difference between income and expenses.
Whole-farm N and P footprints are calculated by the differ-
ence between farm-gate imports and exports. Sources of im-
ports accounted for include purchased feeds and fertilizers
and, in the case of N, atmospheric deposition and biological
N fixation. Sources of exports accounted for include milk,
animals, and crops sold. N-CyCLES also evaluates GHG
production based on estimation methods, equations, activity
data, emission factors, and agricultural parameters used by
Canada’s National GHG Inventory, which complies with the

- Farm-gate
( ) g
Purchased Animal groups Milk sold
feeds (n=17) =5
(n=5) Animals sold
7 g
A Feed allocation
/| (ration formulation)
Homegrown feeds Manure
(n=9) (n=2)
N fixation
N deposition ——1 N
Purchased Land units
fertilizers (n=5) Crops sold
(n=5) ")
N imports N footprint = N imports - N exports N exports
P imports P footprint = P imports - P exports P exports
GHG imports GHG production = GHG imports + on-farm GHG emissions GHG emissions
Expenses Revenue = Incomes - Expenses Incomes

Figure 1. Overview of N-CyCLES model describing the N, P, and GHG imports and exports (solid lines) to establish footprints across the boundary
of the livestock-crop component of a farm (dotted outline), the resources whose allocations are subject to simultaneous optimization (shaded area),
and the cycling of nutrients within the boundary (dashed line) (adapted from Pellerin et al., 2017).
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2006 methodological guidance by the Intergovernmental
Panel on Climate Change (IPCC, 2006). When available in
the literature (Doll¢ et al., 2017; Dollé and Robin, 2006;
Jayasundara et al., 2016; Montes et al., 2013; Pattey et al.,
2005; Rodhe et al., 2015; Tate, 2000; VanderZaag et al.,
2014), emission factors for specific housing categories, ma-
nure systems, bedding options, and soil types are used to add
precision to the model estimation. Carbon dioxide (CO>),
CH,, and N,O emissions are tracked from crop, animal, and
manure sources and sinks to predict net GHG emission in
CO; equivalent (COxe) units. A unit of CHs4 is equivalent to
25 COze units in global warming potential, whereas a unit of
N,O is equivalent to 298 COxe units (ECCC, 2019).

Cycling of nutrients within the farm is described by the
input-output relationships of animal groups in the herd and
by the input-output relationships of land units, which are de-
fined as groups of fields with distinct characteristics that in-
fluence nutrient management plans. In N-CyCLES, manure
nutrient outputs from the herd may serve as inputs to the
crops, and feed nutrient outputs from the crops may serve as
nutrient inputs for the herd. The model accommodates com-
binations of on-farm and off-farm nutrient resources to meet
both animal and crop requirements. In the model, ration for-
mulation, crop rotations, purchase of feeds and fertilizers,
and allocation of manure N and P to the land are considered
as a single integrated unit of management. In other words, to
meet a specific goal, the optimization algorithm considers
simultaneously the allocation of homegrown and purchased
feeds to meet herd nutritional requirements, the allocation of
land to crops grown in rotations, and the allocation of ma-
nure and purchased fertilizers to meet crop N and P require-
ments.

The model was parameterized with National Research
Council algorithms (NRC, 2001) for the nutritional require-
ments and supplies of each feeding group and with local nu-
trient management planning rules for nutrient application in
the fields (CRAAQ, 2010). Dietary guidelines are described
for five animal groups, including two lactating groups (early
and mid-late lactation) and three nonlactating groups (dry
cows, heifers <1 year old, and heifers >1 year old). Available
feeds include nine crop-derived homegrown feeds and sev-
enteen purchased feeds (table Al in the Appendix). Sources
of crop nutrients (N, P, and K) include five commercial fer-
tilizers (table A1) and two on-farm manure types (solid and
liquid). For each animal group, the amount of manure ex-
creted was calculated according to ASABE Standard D384.2
(ASABE, 2005) and Nennich et al. (2005). Nutrient excre-
tions in manure are obtained by subtracting the amounts in
animal products (milk and body weight gain) from dietary
consumption. Total on-farm production of nutrients is calcu-
lated as manure excretion plus mineral nutrients in feed re-
fusals. The total mass and volume of manure were calculated
by adding to the amount of excreted manure the sum of bed-
ding, used water, dilution water, and rain accumulation in
the storage unit given by Godbout et al. (2017, 2013). The
cost of manure spreading is user-defined and is based on the
total amount to spread, transport distance, and mode of ap-
plication, as described by recent studies (Brown, 2011;
Daugherty et al., 2001; Gray et al., 2014; Hadrich et al.,
2010; Harrigan, 2011; Howland and Karszes, 2014; Leibold
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and Olsen, 2007). Cropland is subdivided into two land
units. The first land unit included fields with the greatest soil
P, K, and organic matter concentrations, while the second
land unit included fields with the lowest soil P, K, and or-
ganic matter concentrations. Up to five crop rotations can be
allocated to each land unit.

More details on the economic inputs, optimized variables,
feeds and diets, manure and fertilizer, crops and rotations,
and model outcomes are provided by Pellerin et al. (2017).
The model uses year as the unit of time and assumes that the
production system is essentially at steady-state. Model out-
comes are assessed per kilogram of fat- and protein-cor-
rected milk (FPCM) based on a standard milk with 4% fat
and 3.3% true protein content (IDF, 2015). Allocation of
GHG emissions between co-products was assessed using the
International Dairy Federation methodology (IDF, 2015);
thus, milk and meat were allocated based on the physical
method, and crops were allocated based on the economic
method. The monetary unit is Canadian dollars (CAD).

REPRESENTATIVE FARMS

Two regional cases were developed to describe a repre-
sentative farm in southwestern Québec (SWQ; 45.3° N,
73.2° W) and in eastern Québec (EQ; 48.45° N, 68.1° W)
with a sufficient number of cows so that the barns can in-
clude either tie-stall housing with a milk line system or free-
stall housing with an automated milking system. Those two
locations were selected due to their high density of dairy
farms and the possibility (SWQ) or not (EQ) of growing
grain corn due to contrasting climates. Average 2010-2014
farm characteristics and economic inputs for each region
were obtained from the Agritel Web Database (GCAQ,
2016).

The productivity and economic values for both repre-
sentative farms are summarized in table 1. Both farms con-
tained 95 mature Holstein cows, each weighing approxi-
mately 670 kg. The calving interval and age at first calving
averaged 14 and 25 months, respectively. The cow culling
rate for the SWQ and EQ farms was 31.2% and 34.0%, re-
spectively. Milk performance in SWQ and EQ was 10,107
and 9,756 kg cow™! year!, respectively. Milk fat, crude pro-
tein, and other solids contents were similar between regions
at about 4.09%, 3.39%, and 5.72%, respectively. Average
FPCM sold per farm, assuming 5% milk waste, was 926,914
and 896,233 kg year™! for SWQ and EQ, respectively. Milk
price, which has been stable in Québec because of the quota
system, was representative of the 2010-2014 period and was
set at $0.74 kg' of FPCM (approx. $77.6 hL'). Other
sources of income, including livestock sales, represented
$8.59 and $6.47 hL"! for SWQ and EQ, respectively. Varia-
ble costs (breeding, health, supplies, etc.) and fixed costs (la-
bor, taxes, insurances, depreciation, interest, etc.) respec-
tively accounted for $6.75 hL™! and $243,925 year! in SWQ
and $7.50 hL! and $278,282 year! in EQ.

Dry matter (DM) intake per cow in the early and mid-late
lactation groups was calculated as, respectively, 25.0 and
23.1 kg d"! in SWQ and 24.5 and 22.6 kg d"! in EQ. The al-
lowable range of rumen-degraded protein (RDP) was 10.2%
to 12.1%. The maximum available P was set at 50% above
the minimum; thus, the allowable range of available P (die-
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Table 1. Description of representative farms included in N-CyCLES for
southwestern Québec (SWQ) and eastern Québec (EQ).

SWQ EQ
Productivity
Cow species Holstein Holstein
Mature cows (head) 95 95
Mature body weight (kg cow™) 673 667
Calving interval (months) 14.0 13.9
Age at first calving (months) 25.0 25.1
Culling rate (%) 31.2 34.0
Milk production (kg year) 10,107 9,756
Milk fat (%) 4.08 4.10
Milk crude protein (%) 3.39 3.38
Milk other solids (%) 5.72 5.72
FPCM sold (kg year)®! 926,914 896,233
Economic input
Net milk price ($ hL™) 77.52 77.63
Other income ($ hL™")™ 8.59 6.47
Variable costs ($ hL ™) 6.75 7.50
Labor ($ year™) 80,100 91,732
Taxes and insurances ($ year™) 39,037 48,389
Depreciation ($ year™) 61,673 69,013
Interest ($ year™) 35,215 42,664
Other cost ($ year") 27,900 26,484
Feeding
Early lactation cows
Dry matter intake per cow (kg d™) 25.0 24.5
Allowable range in RDP (%)!! 10.5t0 12.1 10.4t0 12.0
Available P in ration (%) 0.27 0.25
Mid-late lactation cows
Dry matter intake per cow (kg d™) 23.1 22.6
Allowable range in RDP (%)'! 102t0 11.7 10.1to 11.6
Available P in ration (%) 0.36 0.33
Land
Soil type Clay Loam
Cropland (ha) 127 178

[l FPCM = fat- and protein-corrected milk.
] Excludes income and costs associated with crops.
[ RDP = rumen-degraded protein.

tary DM basis) in both regions for the early and mid-late lac-
tation groups was about 0.26% to 0.35%, respectively. De-
tailed ration N and P are presented in table 1, while feed in-
gredients and prices are listed in table A1 in the Appendix.

The land surfaces were 127 and 178 ha of cropland for
SWQ and EQ, respectively, which was subdivided in two
land units of equal size (table 1). Because of reported asso-
ciative patterns between soil P test and distance from the ma-
nure storage, the two land units (MH-08 and LM-32) were
set at medium-high and low-medium concentrations of soil
P with hauling distances of 0.8 and 3.2 km, respectively. The
soil types in SWQ and EQ were considered clay and loam,
respectively, because those are the prevailing soil types in
the respective regions. A description of the crop rotations
and the average cost of production for each rotation are pre-
sented in table A2 in the Appendix. Regional differences in
cropping practices were reflected in part by the production
of corn grain and wheat in SWQ, while EQ can grow barley
and canola. The allowable manure and fertilizer applications
in each land unit were set to comply with regional policies
and regulations. Fertilizer names and prices are listed in
table Al in the Appendix.

SIMULATIONS

Four scenarios for lactating and dry cows were simulated
for each representative farm: (1) tie-stall housing with solid
manure management, (2) tie-stall housing with liquid ma-
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nure management, (3) free-stall housing with solid manure
management, and (4) free-stall housing with liquid manure
management. The housing system for both groups of heifers
(pen) was fixed and never changed through the simulations.
Heifer manure was managed in the same way as lactating
and dry cow manure. Cereal straw was used as bedding
across all simulations.

Solid manure management implied that manure was
stored in an appropriate, uncovered storage unit as a stack
without a liquid part before being applied in the field with a
traditional box spreader. Liquid manure management im-
plied that manure was stored in an appropriate, uncovered,
and bottom-loaded storage unit before being applied in the
field with a spreader tank equipped with drop hoses attached
to splash plates. Manure solids in liquid systems formed a
crust on the storage surface, reducing gaseous emissions.
The model considers that the majority of both manure types
is spread during the growing season (April to September),
taking into account that 20.4% (solid manure) and 10.8%
(liquid manure) of the annual manure volume is spread after
October 1 (Sheppard et al., 2011). Manure treatment or in-
corporation into the soil were not considered. Tillage, plant-
ing, and harvesting operations remained the same across all
simulations.

For each scenario, the model was solved to maximize FNI
and thus determined the whole-farm footprints for N, P, and
GHG. A sensitivity analysis was also conducted to assess the
effect of variability in feed (£35%) and fertilizer (£25%)
prices on key model outcomes.

RESULTS
FARM NET INCOME

Table 2 presents economic data from the N-CyCLES sim-
ulations when FNI was maximized for each representative
farm using either tie-stall or free-stall housing with solid or
liquid manure management. Income represented $0.95 and
$0.86 kg'! of FPCM in SWQ and EQ, respectively. Because
the gains from milk sold were equivalent for both regions
(830.74 kg! of FPCM), the difference in income originated
from animal and crop sales, which were greater in SWQ
(830.20 kg! of FPCM) than in EQ ($0.12 kg! of FPCM).
These results are especially associated with the possibility
for the SWQ farm to grow valuable crops, such as grain corn,
soybean, and wheat, and thus to sell a major part of the pro-
duction (approximately 183, 46, and 9 g kg! of FPCM, re-
spectively; table 3). By contrast, the EQ farm mainly uses its
crop production to feed the herd and sells only its production
of canola, representing approximately 36 g kg!' of FPCM
(table 3).

Expenses were lower in SWQ ($0.62 kg™ of FPCM) than
in EQ ($0.67 kg of FPCM). The difference between both
ranges can be mainly attributed to an additional $0.05 kg™ of
FPCM in fixed costs for the EQ farm, as other expenses (var-
iable costs, feeds, and soil amendment costs) were similar for
both regions. However, fertilizer and manure spreading costs
differed according to manure management. In comparison
with liquid systems (7225 g kg! of FPCM on average;
table 3), a lower quantity of manure was handled with solid

TRANSACTIONS OF THE ASABE



Table 2. Economic output summary of farm simulations ($ kg™

of FPCM) by region, housing type, and manure management.'”!

Southwestern Québec

Eastern Québec

Tie-Stall Housing

Free-Stall Housing Tie-Stall Housing Free-Stall Housing

Solid Liquid Solid Liquid Solid Liquid Solid Liquid

Manure  Manure Manure  Manure Manure  Manure Manure Manure
Income 0.95 0.95 0.95 0.95 0.86 0.86 0.86 0.86
Milk 0.74 0.74 0.74 0.74 0.74 0.74 0.74 0.74
Animals 0.13 0.13 0.13 0.13 0.10 0.10 0.10 0.10
Crops 0.07 0.08 0.07 0.07 0.02 0.02 0.02 0.02
Expenses 0.62 0.62 0.62 0.62 0.67 0.67 0.66 0.67
Fixed and variable costs 0.33 0.33 0.33 0.33 0.38 0.38 0.38 0.38
Homegrown feeds 0.09 0.09 0.09 0.09 0.10 0.09 0.10 0.10
Purchased feeds 0.15 0.15 0.15 0.15 0.14 0.14 0.14 0.14
Fertilizer costs 0.01 0.00 0.02 0.00 0.01 0.00 0.01 0.00
Manure spreading costs 0.04 0.05 0.03 0.04 0.04 0.05 0.04 0.05
Net income 0.33 0.33 0.33 0.33 0.19 0.19 0.19 0.19

[ FPCM = fat- and protein-corrected milk.

Table 3. Crop, feed, and fertilizer outputs in farm simulations by region, housing type, and manure management.

Southwestern Québec

Eastern Québec

Tie-Stall Housing

Free-Stall Housing Tie-Stall Housing Free-Stall Housing

Solid Liquid Solid Liquid Solid Liquid Solid Liquid
Manure  Manure Manure  Manure Manure  Manure Manure  Manure
Homegrown crops (g kg™' of FPCM)!#!
Used feed
Corn silage 382.43 38243 382.43 38243 33594 34279 33594  342.79
Alfalfa silage 118.48 99.79 118.48 112.28 228.52  214.19 228.52  218.89
Grass-legume mixture 115.37 125.63 115.37 118.14 168.21 139.81 168.21 148.37
Hay 0.00 8.66 0.00 2.35 - - - -
Corn grain 147.30 137.23 147.30 145.97 - - - -
Barley grain - - - - 99.56 113.31 99.56 108.80
Sold feed
Soybean 46.98 44.24 46.98 46.41 - - - -
Corn grain 179.58 189.96 179.58 182.19 - - - -
Wheat grain 7.84 11.37 7.84 8.91 - - - -
Canola - - - - 33.56 40.58 33.56 38.28
Purchased feed (g kg of FPCM)™™
Hay 98.33 98.37 98.33 98.14 62.38 77.57 62.38 74.54
Corn grain 0.00 0.00 0.00 0.00 30.13 13.79 30.13 13.79
Barley grain 33.81 41.05 33.81 36.08 39.64 52.66 39.64 45.21
Wheat grain 0.00 0.00 0.00 0.00 46.64 60.45 46.64 60.45
Fats and oils (calcium soaps) 9.37 9.37 9.37 9.37 9.30 9.71 9.30 9.71
Canola meal 65.62 62.53 65.62 65.96 24.98 20.45 24.98 22.48
Soybean meal (expellers) 0.00 0.00 0.00 0.00 40.97 41.18 40.97 41.27
Soybean meal (solvent) 41.58 41.58 41.58 41.58 0.00 0.00 0.00 0.00
Dried corn gluten meal 0.48 0.00 0.48 0.48 0.00 0.00 0.00 0.00
Dried distillers grain with solubles (corn) 78.61 85.24 78.61 78.61 34.59 34.59 34.59 34.59
Straw feed 10.43 10.43 10.43 10.43 15.26 15.26 15.26 15.26
Straw bedding (g kg of FPCM)™™
Produced 5.53 8.02 5.53 6.28 41.21 46.67 41.21 44.88
Purchased 11484 11235 114.84 114.09 84.89 79.42 84.89 81.22
Fertilizer (g kg of FPCM)™
Produced manure 5756.40 7260.41 5527.61 6968.26 5903.03  7486.69 5668.01 7185.09
Purchased soil amendments
Calcium ammonium nitrate (27-0-0) 21.37 6.50 22.67 7.29 6.94 0.00 8.38 0.00
Diammonium phosphate (18-46-0) 1.34 0.00 1.34 0.00 7.46 0.00 7.46 0.00
Monoammonium phosphate (11-52-0) 0.00 0.00 0.00 0.00 0.00 4.56 0.00 4.52

[ FPCM = fat- and protein-corrected milk.

systems (5714 g kg! of FPCM on average; table 3), thus re-
ducing transport costs by $0.01 kg™ of FPCM. This advantage
was nullified by the propensity of solid manure to release nu-
trients into the soil more slowly than liquid manure (CRAAQ,
2010), resulting in greater need for calcium ammonium nitrate
and diammonium phosphate (approx. $0.01 kg of FPCM,; ta-
ble 3). Overall, housing and manure management did not in-
fluence FNI, whereas location had an impact. The warmer cli-
mate for the SWQ farm resulted in greater income, lower ex-
penses, and greater FNI ($0.33 kg™! of FPCM) than the colder
climate for the EQ farm ($0.19 kg™ of FPCM).

62(4): 959-972

NUTRIENT MASS BALANCES

Table 4 lists the imports, exports, and balances in N and
P under optimized FNI in N-CyCLES for each of the four
farm scenarios in SWQ and EQ. Total N imports for the
SWQ farm (24.0 to 28.7 g kg! of FPCM) exceeded those of
the EQ farm (19.9 to 23.4 g kg™! of FPCM). For each barn
configuration, the difference was primarily attributed to the
greater amount of purchased feeds (hay and meals of distill-
ers’ corn, soybean, and canola) and calcium ammonium ni-
trate by the SWQ farm (table 3). Actually, in SWQ, it was
more profitable to grow (and sell) valuable but N-demanding
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Table 4. Summary of N and P footprints from farm simulations (g kg of FPCM) by region, housing type, and manure management.""!

Southwestern Québec

Eastern Québec

Tie-Stall Housing

Free-Stall Housing Tie-Stall Housing Free-Stall Housing

Solid Liquid Solid Liquid Solid Liquid Solid Liquid
Manure  Manure Manure = Manure Manure  Manure Manure Manure
N footprint
Imports 28.38 24.04 28.73 24.31 23.00 19.91 23.38 20.06
Purchased feeds 16.28 16.44 16.28 16.33 11.72 12.00 11.72 11.95
Purchased fertilizers 6.01 1.75 6.36 1.97 3.22 0.50 3.61 0.50
Legume N fixation 5.27 5.02 5.27 5.19 6.87 6.22 6.87 6.42
Atmospheric deposition 0.82 0.82 0.82 0.82 1.19 1.19 1.19 1.19
Exports 11.75 11.82 11.75 11.78 7.99 8.43 7.99 8.29
Milk 5.23 5.23 5.23 5.23 5.20 5.20 5.20 5.20
Animals 0.62 0.62 0.62 0.62 0.68 0.68 0.68 0.68
Crops 5.90 5.97 5.90 5.93 2.11 2.55 2.11 2.40
Balance 16.63 12.22 16.99 12.53 15.00 11.48 15.39 11.77
Balance on a land basis (kg ha™!) 121.41 89.20 123.97 91.44 75.53 57.79 77.49 59.25
P footprint
Imports 2.71 2.50 2.71 245 3.16 2.74 3.16 2.72
Purchased feeds 2.44 2.50 2.44 2.45 1.66 1.70 1.66 1.69
Purchased fertilizers 0.27 0.00 0.27 0.00 1.50 1.04 1.50 1.03
Exports 1.92 1.95 1.92 1.93 1.28 1.32 1.28 1.31
Milk 0.89 0.89 0.89 0.89 0.88 0.88 0.88 0.88
Animals 0.18 0.18 0.18 0.18 0.20 0.20 0.20 0.20
Crops 0.85 0.88 0.85 0.86 0.20 0.24 0.20 0.23
Balance 0.79 0.55 0.79 0.52 1.88 1.42 1.88 141
Balance on a land basis (kg ha™!) 5.76 4.02 5.76 3.82 9.45 7.13 9.45 7.09

(sl FPCM = fat- and protein-corrected milk.

crops and purchase greater quantities of feed sub-products
with high nutritional value at a lower price. In addition, com-
pared to the SWQ farm, more N was added to the soil
through legume fixation (+1.40 g kg! of FPCM on average)
at the EQ farm because this farm produced silage-based ro-
tations on a greater proportion of its land base (table A3 in
the Appendix). The important sales of corn grain and soy-
bean by the SWQ farm (table 3) led to higher N exports
(+3.60 g kg! of FPCM on average) than for the EQ farm.
Nitrogen left both farms through sold milk and animal sales
in similar proportions. The N footprint in EQ was 6% to 10%
(35% to 38% on a land basis) lower than that of SWQ de-
pending on the housing type and manure management. Thus,
many farm characteristics that affect the N footprint, such as
soil type, historical accumulation of N, and animal density
per hectare, are different between EQ and SWQ.

Overall, free-stall housing increased the N footprint by
approximately 0.33 g kg! of FPCM, in comparison with tie-
stall housing, because greater soiled surfaces in free-stall
barns increase N loss through volatilization of ammonia.
Farms using free-stall housing thus need to purchase more
calcium ammonium nitrate and/or to grow more legume
crops (table 3) to compensate for these N losses. Regarding
manure management, liquid systems reduced the N footprint
by approximately 4.00 g kg”! of FPCM relatively to solid
systems because the quantity of fertilizers used was 3-fold
lower with liquid systems (table 3). As mentioned before, the
nutrients in solid manure are released more slowly into the
soil and are thus less available to crops than the nutrients in
liquid manure.

Total P imports were higher in EQ (2.72 to 3.16 g kg™! of
FPCM) than in SWQ (2.45 to 2.71 g kg™! of FPCM). While
P imports for the SWQ farm were almost exclusively at-
tributed to purchased feeds because fertilizer contribution
was negligible (P-rich soils originating from historic over-
fertilization; Beaudet et al., 2004), purchased feeds and fer-
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tilizers contributed almost equally to P imports for the EQ
farm. The important use of phosphates in EQ (table 3) can
be explained by the use of a five-year barley-canola-alfalfa
rotation, which is P-demanding (table A2 in the Appendix),
on 100% of the fields in land unit LM-32. The difference in
P exports (0.63 g kg! of FPCM on average) between the
farms was associated with the greater quantity of crops sold
by SWQ (table 3). Therefore, the SWQ farm had a P foot-
print 2.5-fold lower than that of EQ. Housing type did not
influence the P footprint. However, as previously found with
N, imports of fertilizer-derived P were 0.27 to 0.47 g kg! of
FPCM greater with solid than with liquid manure manage-
ment.

GREENHOUSE GAS EMISSIONS

Table 5 shows the CO,, CHs, and N,O emissions from
various sources and the carbon footprints associated with
milk, animals, and crops sold. Although fuel consumption
by the EQ farm was greater than that of the SWQ farm, be-
cause of a larger land base, the impact on GHG emissions
was outcompeted by the greater amounts of feeds and ferti-
lizers imported by the SWQ farm. As a result, the total pro-
duction of CO, in SWQ (0.30 to 0.43 kg COze kg™! of FPCM)
was generally greater than in EQ (0.25 to 0.32 kg COs¢ kg'!
of FPCM). Emission of CH4 was comparable between the
farms (approx. 1.06 kg COse kg'! of FPCM) because both
dairies had a similar number of cows (table 1) and produced
a similar quantity of manure (table 3). Results for N>O gen-
eration varied according to soil type in each region (table 1),
which influenced plant N uptake. Consequently, the N,O
levels from amendment application and crop residue decom-
position in SWQ (approx. 0.12 kg COze kg! of FPCM),
which was characterized by clayey soils, were slightly
higher than in EQ (approx. 0.05 COse kg'! of FPCM), which
was characterized by loamy soils. Overall, GHG emissions
from the SWQ farm were greater (1.78 to 1.87 kg CO,e kg!
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Table 5. Summary of GHG production and carbon footprint of milk, animals, and crops from farm simulations (kg CO:e kg™ of FPCM) by region,

housing type, and manure management.'”!

Southwestern Québec

Eastern Québec

Tie-Stall Housing

Free-Stall Housing

Tie-Stall Housing Free-Stall Housing

Solid Liquid Solid Liquid Solid Liquid Solid Liquid
Manure  Manure Manure  Manure Manure  Manure Manure  Manure
CO, 0.42 0.30 0.43 0.30 0.31 0.25 0.32 0.25
Imported feeds 0.18 0.18 0.18 0.18 0.14 0.15 0.14 0.15
Imported fertilizers 0.18 0.05 0.19 0.06 0.08 0.02 0.10 0.02
Crop residue decomposition 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.03
Fuel consumption 0.04 0.04 0.04 0.04 0.06 0.06 0.06 0.06
CH,4 0.92 1.19 091 1.16 0.94 1.22 0.93 1.20
Enteric fermentation 0.63 0.63 0.63 0.63 0.64 0.64 0.64 0.64
Manure management 0.29 0.56 0.28 0.54 0.30 0.58 0.29 0.55
N;O 0.53 0.32 0.52 0.31 0.45 0.22 0.45 0.22
Manure management 0.26 0.06 0.25 0.06 0.26 0.06 0.26 0.06
Manure application 0.03 0.07 0.02 0.07 0.01 0.03 0.01 0.03
Fertilizer application 0.05 0.01 0.05 0.02 0.03 0.00 0.03 0.00
Crop residue decomposition 0.04 0.05 0.04 0.04 0.02 0.02 0.02 0.02
Indirect volatilization 0.10 0.07 0.10 0.08 0.09 0.07 0.10 0.07
Indirect leaching and runoff 0.05 0.05 0.05 0.05 0.04 0.04 0.04 0.04
GHG 1.87 1.80 1.86 1.78 1.71 1.69 1.70 1.67
Milk allocation 1.48 1.43 1.48 1.41 1.41 1.40 1.41 1.38
Animal allocation 0.24 0.23 0.24 0.23 0.26 0.25 0.26 0.25
Crop allocation 0.15 0.14 0.14 0.14 0.04 0.04 0.04 0.04

[ FPCM = fat- and protein-corrected milk.

of FPCM) than from the EQ farm (1.67 to 1.71 kg CO»e
kg! of FPCM), mainly because of intensive production of
cash crops on soils favorable to N,O emission and because
of feed and fertilizers imported on the farm.

The lower and upper limits of the GHG ranges correspond
to levels obtained when the farms used liquid and solid sys-
tems, respectively. Because the beneficial effect of liquid
manure on N>O emissions due to better crop N use after ma-
nure application (-0.22 kg COze kg! of FPCM on average)
was offset by greater CH4 emissions from manure stored un-
der anaerobic conditions (+0.26 kg COse kg of FPCM on
average), the main advantage of liquid manure management
regarding GHG emissions came from reduced use of fertiliz-
ers (-0.13 kg COze kg! of FPCM on average). Housing sys-
tem slightly affected GHG emissions, and CH,s emissions
due to manure management were 0.01 to 0.03 kg COqe kg'!

of FPCM less for free-stall barns than for tie-stall barns. Cal-
culation of the economic contribution of each on-farm co-
product to GHG revealed that milk alone accounted for 79%
to 83% of the farm’s carbon footprint. GHG associated with
animal allocation (14%) did not vary substantially among
scenarios, while crop allocation contributed 8% and 2% of
farm GHG emissions in SWQ and EQ, respectively.

SENSITIVITY ANALYSIS

Positive or negative changes in feed or fertilizer prices
(table 6) had minor effects (<5% variation) on N and P foot-
prints and total and milk-derived GHG for all scenarios.
However, variations for the SWQ farm reached 2% to 5% on
more occasions than for the EQ farm due to greater flexibil-
ity in crop sales, which affected the nutrient and GHG foot-
prints. Regarding FNI, fluctuations in fertilizer prices had

Table 6. Effect of variation (%) in feed and fertilizer prices on farm net income, nitrogen (N) and phosphorus (P) footprints, and total and milk-

allocated greenhouse gas (GHG) emissions.

Southwestern Québec

Eastern Québec

Tie-Stall Housing

Free-Stall Housing

Tie-Stall Housing Free-Stall Housing

Solid Liquid Solid Liquid Solid Liquid Solid Liquid
Manure  Manure Manure  Manure Manure  Manure Manure  Manure

Feed prices +35% Net income -7 -7 -7 -7 -21 221 221 221

N footprint +2 0 +2 +2 0 0 0 0

P footprint -3 -3 -3 +1 0 -1 0 -2

GHG +2 0 +2 +1 0 -1 0 -1

Milk allocation -2 -3 -2 2 0 -2 0 -1
Fertilizer prices +25% Net income -1 0 -1 0 -1 -1 -2 -1

N footprint 0 -1 0 0 0 0 0 0

P footprint +3 0 +3 +3 0 0 0 0

GHG 0 -1 0 0 0 0 0 0

Milk allocation 0 -1 0 0 0 0 0 0
Fertilizer prices -25% Net income +1 0 +1 0 +1 +1 +2 0

N footprint +2 0 +2 +2 0 -2 0 -4

P footprint -2 -3 -2 +1 0 +1 0 +1

GHG +2 0 +2 +1 0 0 0 0

Milk allocation +1 0 +1 +1 0 0 0 0
Feed prices -35% Net income +7 +7 +7 +7 +21 +21 +21 +21

N footprint 0 -1 0 0 0 -1 0 -1

P footprint +5 -1 +5 +4 0 +1 0 +1

GHG 0 -1 0 0 0 0 0 0

Milk allocation +3 +2 +3 +3 +1 +1 +1 +1
62(4): 959-972 965



little influence (<2% variation), while modifications to feed
prices resulted in variations of $0.02 and $0.04 kg! of FPCM
in SWQ and EQ, respectively. For each scenario, both farms
sold more or less crops to adjust to lower or higher expenses
in feed ingredients. However, the effect was greater in EQ
(£21%) than in SWQ (£7%) because the same variation on
both farms had a different impact because their FNI values
were dissimilar (table 2).

DISCUSSION
OUTCOMES ANALYSIS

The economic results for our simulated farms (table 2) are
comparable to values reported by Pellerin et al. (2017) using
N-CyCLES for a dairy farm located in southern Québec with
a similar herd size and land base (87 cows and 142 ha) using
tie-stall housing and liquid manure management (FNI =
$0.23 kg! of FPCM, with income and expenses accounting
for $0.84 and $0.61 kg! of FPCM, respectively). By con-
trast, simulations with N-CyCLES for a non-grazed dairy
operation in Wisconsin (Pellerin et al., 2017) and with IFSM
(Integrated Farm System Model) for a non-grazed dairy op-
eration in New York (Rotz et al., 2016) found lower FNI
(30.03 to $0.11 kg! of FPCM) with lower income ($0.39 to
$0.51 kg!' of FPCM) and lower expenses ($0.36 to $0.40
kg! of FPCM). This appears logical because American dairy
production is characterized by lower milk prices (no quota
system) and lower fixed and variable costs (slightly warmer
climate) relative to Canadian dairy production.

The nutrient footprints (table 4) were also consistent with
the literature. Pellerin et al. (2017) reported N and P foot-
prints of 15.70 and 0.60 g kg! of FPCM, respectively, for
the aforementioned dairy farm in southern Québec. These
numbers fall within the ranges presented for the SWQ farm.
However, some differences in nutrient imports and exports
exist between the two studies due to variations in selected
crop rotations. For instance, the farm modeled by Pellerin et
al. (2017) produced barley and purchased wheat, while
wheat was homegrown and barley was purchased on the
SWQ farm. In other studies considering small to large free-
stall dairy farms in the northeastern U.S. (Cela et al., 2014;
Pellerin et al., 2017; Rotz et al., 1999, 2006, 2016; Soberon
et al., 2015) and Denmark (Nielsen and Kristensen, 2005),
the N and P footprints on a per hectare basis reached 85 to
277 kg N ha! and 0 to 16 kg P ha'!. These ranges are com-
parable to the results shown in table 4.

The GHG levels before the allocation shown in table 5
were higher than those reported by previous “cradle to farm
gate” life cycle analyses (0.92 to 1.45 kg COqe kg'!' of
FPCM) for the average Canadian dairy farm (Quantis et al.,
2012; Vergé et al., 2007, 2013), for single simulated farms
in different Canadian provinces (Arsenault et al., 2009;
Hagemann et al., 2011; Jayasundara and Wagner-Riddle,
2014; McGeough et al., 2012), and in the U.S. (Capper et al.,
2009; Phetteplace et al., 2001; Rotz et al., 2010). All the Ca-
nadian studies used emission estimates based on models that
generally followed the IPCC (2006) methodology and were
adjusted to Canadian conditions. However, the IPCC (2006)
provides very general CH4 and N,O emission factors for the
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manure produced by dairy cattle as influenced by average
annual ambient temperature, region, and type of manure
management (Rotz, 2017). As a result, CHs and N>O emis-
sions following the IPCC (2006) modeling approach under-
estimated field measurement means for most manure man-
agement practices (Owen and Silver, 2015). More specific
estimations can be obtained by considering the individual
components making up the production system (Rotz, 2017).
The N-CyCLES model followed this path by adjusting some
emission factors a priori for specific housing categories, ma-
nure systems, and soil types, which added precision to our
simulation results. Therefore, modeling with revised emis-
sions factors for manure-derived GHG increased the GHG
intensity. In fact, total GHG emissions would have reached
only 1.42 to 1.61 kg COse kg™ of FPCM if the generic IPPC
approach was used. Similarly, Owen and Silver (2015) found
that adapted calculations nearly doubled slurry CH4 emis-
sions for Europe and increased the N>O emissions from solid
manure piles and lagoons in the U.S. by the same order of
magnitude. Differences in assumptions are also reflected in
the GHG allocated to milk, which varied widely from 0.67
to 1.20 kg COze kg! of FPCM in the aforementioned studies.

FARM ANALYSIS

The location of the SWQ farm provided a financial ad-
vantage over the EQ farm because the climate conditions al-
lowed production of grain corn, soybean, and wheat, provid-
ing supplementary income. Pellerin et al. (2017) also high-
lighted important sales of corn grain (357 g kg™!' of FPCM)
and soybean (66 g kg™! of FPCM), and thus high crop income
(30.09 kg! of FPCM), for a similar dairy farm in southern
Québec.

However, greater production of cash crops on the SWQ
farm implied greater imports of N-based fertilizers to meet
recommended applications rates for optimal plant growth,
and greater amounts of purchased feeds, in comparison with
the EQ farm. As explained by Powell et al. (2010), an in-
creasing reliance on imported feed is accompanied with a
decreasing land base on which to recycle manure N, which
increases the N surplus and lowers the whole-farm N use ef-
ficiency. Consequently, the advantage of the EQ farm re-
garding N footprint came from using most of the land to
grow legume crops that fixed atmospheric N and were used
on-farm as feed ingredients. Regarding P, the SWQ farm had
a better footprint than the EQ farm due to restricted use of P-
based fertilizers in SWQ, due to P-rich soils originating from
historic over-fertilization, which compensated for greater
feed P imports.

Overall, our results are in line with other studies (Cela et
al., 2014; Hristov et al., 2006; Soberon et al., 2015; Spears
et al., 2003a, 2003b) suggesting that purchased feed and fer-
tilizers were the most important factors that affected whole-
farm N and P footprints. In Denmark, Nielsen and Kristen-
sen (2005) also observed that N surplus on conventional
dairy farms (corn-based and grass-legume rotations ac-
counted for 29% and 22% of farmland, respectively) ex-
ceeded that of organic dairy farms (corn-based and grass-
legume rotations accounted for 16% and 40% of farmland,
respectively) by 43 kg ha'! because of greater imports of con-
centrates and mineral fertilizers on the conventional farms.
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Pellerin et al. (2017) revealed that: (1) the amounts of corn
grain (-156 g kg!' of FPCM) and soybean (-13 g kg of
FPCM) are decreased when FNI is maximized by partial
(33%) reduction of the N footprint, and (2) purchased feeds
contributed almost four times as much as purchased fertiliz-
ers to total P imports on dairy farms in southern Québec.

Purchased feeds and fertilizers can also influence GHG
emissions (Rotz, 2017). In SWQ, greater purchases of feed
ingredients and fertilizers were responsible for increased
CO; and N,O emissions associated with transformation and
transport of inputs and fertilizer application.

HOUSING ANALYSIS

Housing type did not influence FNI. However, it affected
the N balance, as free-stall dairies needed greater N inputs
from fertilizers or legume fixation to compensate for greater
N volatilization inside the barn. Ammonia (NH3) volatiliza-
tion is generally the main pathway of loss for manure N
(Montes et al., 2013). According to Monteny and Erisman
(1998), NH; emissions from tie-stalls (5 to 27 g cow™! d™!)
tend to be lower than from free-stalls (25 to 45 g cow™ d!)
because tie-stalls have a smaller surface area of soiled floors.
The same reason was also given by Liu et al. (2017) to ex-
plain lower NH3-N loss per unit of N intake for mechanically
ventilated, tie-stall dairies than for naturally ventilated, free-
stall dairies. Based on typical designs for cattle housing, the
soiled areas considered for tie-stall and free-stalls are in fact
1.2 and 3.5 m? cow’!, respectively (Rotz et al., 2014). Con-
sequently, lower NH3-N losses in the barn allowed tie-stall
dairies to use less inorganic N fertilizers, which helped to
improve the whole-farm N use efficiency (Powell et al.,
2010).

Housing type also had a slight impact on GHG emissions
due to the small difference between free-stall and tie-stall
dairies regarding CH4 emissions associated with manure
management. In a similar study using IFSM, Rotz et al.
(2014) found that a free-stall configuration produced less
GHG (4668 kg COze cow™) at the barn level (housing and
animals) than a tie-stall configuration (6643 kg COze cow™)
for a representative dairy farm in Pennsylvania (100 cows
and 100 ha). However, manure was scraped from the barn
floors twice a day in the free-stall dairy, while manure was
removed daily from gutters in the tie-stall dairy. Jayasundara
et al. (2016) also stated that tie-stall dairies (25 to 75 g
cow™' d!) might emit more manure-related CHy4 than free-
stall dairies (1 to 8 g cow™' d'!); in the reported tie-stall stud-
ies, manure was temporarily stored (usually for 2 to 3 weeks)
in pits within the barn before moving to long-term storage,
which may have caused higher emissions. Indeed, CH4 emis-
sions from manure are much greater for dairy barns where
manure accumulates for prolonged periods of time compared
with barns where manure is transferred daily to outdoor stor-
age (Montes et al., 2013).

MANURE MANAGEMENT ANALYSIS

Manure management did not affect FNI, but solid manure
systems were associated with a greater use of fertilizers be-
cause of lower availability of nutrients to crops (CRAAQ,
2010). For instance, when solid manure is applied to land,
soil microorganisms may immobilize available N during the
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decomposition of bedding and undigested feed. If this pro-
cess takes place during crop growth, an additional amount of
N must be provided to support normal crop development
(Fulhage and Pfost, 1993). In return, higher amounts of N in
solid manure than in liquid manure are available in subse-
quent years (Brown, 2013). Nevertheless, this legacy effect
is difficult to assess, so N-CyCLES does not account for
such a possible long-term advantage of solid manure. In con-
trast, scenarios using liquid manure systems are associated
with smaller use of fertilizers, reducing N and P footprints
and GHG emissions associated with decreased import and
application of fertilizers.

Based on a life cycle analysis of Canadian milk produc-
tion (Quantis et al., 2012), on-farm use of commercial ferti-
lizers (20%) is the most important GHG emission factor on
dairy farms, after enteric fermentation (46%) and manure
management (27%). Because the CHy4 emitted from the di-
gestive tracts of ruminants did not differ among the simula-
tion scenarios, variability in GHG emissions was predomi-
nantly linked to the choice of manure management type. As
our results indicated, the anaerobic nature of liquid manure
systems increases the potential for CH4 production and de-
creases N>O production, whereas solid manure systems can
be substantial sources of N>,O and minor sources of CHa. In
this study, solid manure systems emitted 47% less CHy4 than
liquid manure systems, whereas N»>O production with liquid
systems was 4-fold less than with solid systems. These num-
bers are in line with Owen and Silver (2015) for Europe and
with Jayasundara et al. (2016) for Canada, who concluded
that CH4 emissions were 13% to 40% lower from solid than
from liquid dairy manure, whereas N>O emissions were 4 to
20 times greater from solid than from liquid manure.

Promising alternatives to reduce GHG emissions from
manure and soil, and to reduce the environmental footprint
of dairy farms, have been targeted in the literature (Hou et
al., 2017; Jayasundara et al., 2016; Montes et al., 2013).
Among other strategies, solid-liquid separation, composting,
manure storage covers, and anaerobic digestion showed im-
portant overall GHG decreases of 20% to 37%, 31% to 84%
(during summer), 1% to 26%, and 23% to 53%, respectively.
Incorporating manure into the soil can also indirectly de-
crease GHG emissions. However, these strategies are not
widely used (Gerber et al., 2013), and Québec is no excep-
tion. An evaluation of their potential impacts on FNI, N and
P balances, and GHG footprint is needed to verify if they can
maintain or improve production and if they are economically
viable and affordable by producers (Fournel et al., 2019).

CONCLUSION

Considering feeding, manure, and crop management as a
single unit of management, the N-CyCLES model identified
differences in key outcomes for representative, simulated
dairy farms, using tie-stall or free-stall housing and solid or
liquid manure management, in two regions with contrasting
climates. A warmer climate was associated with a greater
production of cash crops and lower expenses, but also
greater imports of N-based fertilizers and purchased feeds,
which negatively affected the farm N footprint and GHG
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emissions. Housing and manure management type did not
influence FNI; however, they had some repercussions on the
environment. Compared to tie-stall dairies, free-stall dairies
had greater N losses at the barn, which had to be compen-
sated by greater purchases of N-based fertilizers, resulting in
greater N surplus. Nevertheless, free-stall dairies emitted
slightly less GHG than tie-stall dairies, mainly because the
manure was less concentrated in N and emitted less N>O.
Dairies with solid manure management were associated with
low availability of nutrients and high N,O emissions follow-
ing manure application to the soil. As a result, they imported
more fertilizers and altogether produced more GHG than
dairies with liquid manure, despite greater CH4 emissions
from the liquid manure storage unit. Based on these results,
the current transition toward free-stall barns and liquid ma-
nure systems in the province of Québec seems advantageous
from an environmental standpoint without comprising eco-
nomic profitability.
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APPENDIX

Table Al. Names, codes, prices, and limits for feed ingredients and fertilizers included in N-CyCLES for southwestern Québec (SWQ) and eastern

Québec (EQ).

Price ($ t! of DM)™®

Name (Code)™ SWQ EQ Limit!)
Homegrown or sold feed Corn silage (CoSi-35) 143.95 144.08 40
Alfalfa silage (A1Si-83) 185.44 185.73 -
Mixed silage (MxSi-74) 185.85 185.62 -
Grass hay (GrHy-52) 185.83 185.70 10
Canola (Can-18) - 531.11 -
Soybean seed, whole (SBw-108) 477.87 - -
Corn grain, ground (CoGr-27) 271.91 317.09 40
Barley, grain and rolled (Barley-8) - 225.46 20
Wheat, grain and rolled (Wheat-116) 297.43 - 20
Purchased feed Barley, grain and rolled (Barley-8) 232.53 - -
Wheat, grain and rolled (Wheat-116) - 297.43 -
Canola meal (Canola-19) 351.34 351.34 -
Fats and oils, calcium soaps (FatCa-40) 1815.65 1952.72 7
Soybean meal, expellers (SBMx-104) 708.15 718.45 -
Soybean meal, solvent (SBM48-107) 600.13 608.86 -
Corn gluten meal, dried (CGM-25) 970.74 974.74 -
Corn distillers grain with solubles, dried (CoDi-23) 349.72 452.88 10
Straw feed (Straw-120b) 120.69 120.22 -
Beet pulp (Beet pulp-11) 558.52 558.52 -
Calcium carbonate (CaCOs) 271.00 359.00 -
Dicalcium phosphate (CaHPO,) 833.00 833.00 -
Magnesium oxide (MgO) 805.00 816.00 -
Calcium sulfate (CaSO,-2H,0) 538.98 538.98 -
Sodium chloride (NaCl) 333.00 382.00 3.5
Magnesium sulfate heptahydrate (MgSO,-7H,0) 606.60 606.60 -
Blood meal ring (Blmearlr-14) 850.00 850.00 -
Purchased fertilizer Calcium ammonium nitrate (27-0-0) 641.00 641.00 -
Diammonium phosphate (18-46-0) 876.00 876.00 -
Monoammonium phosphate (11-52-0) 895.00 895.00 -
Triple super phosphate (0-46-0) 976.00 976.00 -
Muriate of potash (0-0-60) 762.00 762.00 -

(s When present, the number associated with a feed code indicates the feed entry number in the NRC (2001) feed composition tables.
(' Median prices representative of the 2010-2014 period from the Valacta (Sainte-Anne-de-Bellevue, QC, Canada) database.
[} Upper limit in ration dry matter (DM).
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Table A2. Rotations, N-P-K recommendations, fuel consumption, and cost of production included in N-CyCLES for southwestern Québec (SWQ)
and eastern Québec (EQ)."”!

Recommended Fertilization Fuel
Rotation Year! (kg ha™) Consumption Costl
1 2 3 4 5 6 7 N P,0s K,0s (L ha™) ($ ha!)
SWQ rotations

Land unit MH-08*!

#1 Cs As As Ms - - - 38.44 29.38 63.13 106.14 576.24

#2 Cg Cg Sb - - - - 97.50 21.67 40.00 68.16 623.68

#3 Cg Cs As  As Ms Ms H 66.07 28.04 58.39 108.58 545.65

#4 AslY As Ms Ms - - - 20.63 26.88 59.38 109.32 521.75

#5 Cs Cs A As Ms Ms - 57.71 27.92 64.58 127.30 600.64
Land unit LM-32[

#1 Cs As As Ms - - - 55.00 48.13 134.38 106.14 576.24

#2 w Cg Sb - - - - 91.67 41.67 68.63 58.46 542.37

#3 Cg Cs As  As Ms Ms H 83.57 42.68 120.89 108.58 545.65

#4 AslY As Ms Ms - - - 32.50 40.63 133.13 109.32 521.75

#5 Cs Cs A As Ms Ms - 75.00 43.75 137.08 127.30 600.64

EQ rotations

Land unit MH-08"!

#1 AslY As Ms  Ms - - - 18.75 26.88 59.38 103.72 413.86

#2 B B Cn - - - - 67.92 30.83 32.50 74.03 293.79

#3 Cs As  As Ms Ms - - 28.75 27.50 62.50 115.84 457.40

#4 Cs Cs AsY  As  Ms - - 46.75 28.50 65.50 129.09 513.72

#5 AslY As Ms  Ms H - - 33.25 27.25 56.75 99.16 368.89
Land unit LM-32!

#1 B AsY  As Ms Ms - - 37.00 43.26 118.76 97.28 385.88

#2 B Cn AsY  As Ms - - 49.00 46.26 100.76 93.47 386.94

#3 AslY As Ms Ms - - - 30.63 40.63 133.13 103.72 413.86

#4 AslY As Ms - - - - 27.50 42.50 130.83 105.59 439.20

#5 AslY As Ms Ms H - - 46.50 39.75 126.25 99.16 368.89

[&] " Cs = corn silage, As = alfalfa silage, Ms = mixed alfalfa and grass silage, Cg = grain corn, Sb = soybean, H = grass hay, W = wheat, B = barley, and
Cn = canola.

(] MH-08 = land unit with medium-high concentrations in soil P at a hauling distance of 0.8 km; LM-32 = land unit with low-medium concentrations in
soil P at a hauling distance of 3.2 km.

[ Crop grown in each successive year of a rotation; for example, in the case of SWQ rotation 2 in land unit MH-08, the rotation requires three years for
completion, including two years of corn grain followed by one year of soybean.

4] Alfalfa silage established with wheat (SWQ) or barley (EQ).

[J Rotation average excluding fertilization costs (purchased fertilizers and manure spreading costs) but including farm income stabilization insurance
reimbursement for barley, corn grain, soybean, and wheat.

Table A3. Rotation and purchased feed additive outputs in farm simulations by region, housing type, and manure management.

Southwestern Québec Eastern Québec
Tie-Stall Housing Free-Stall Housing Tie-Stall Housing Free-Stall Housing
Solid Liquid Solid Liquid Solid Liquid Solid Liquid
Manure  Manure Manure  Manure Manure  Manure Manure  Manure
Rotation (%)™
Cs/As/As/Ms 16.70 0.00 16.70 11.47 - - - -
Cg/Cg/Sb 43.96 41.40 43.96 43.43 - - - -
Cg/Cs/W+As/As/Ms/Ms/H 0.00 11.06 0.00 3.01 - - - -
Cs/Cs/W+As/As/Ms/Ms 39.33 47.54 39.33 42.09 - - - -
B/B/Cn - - - - 0.00 6.27 0.00 422
Cs/B+As/As/Ms/Ms - - - - 18.20 3.62 18.20 7.83
Cs/Cs/B+As/As/Ms/Ms - - - - 31.80 40.11 31.80 37.95
B/Cn/B+As/As/Ms - - - - 50.00 50.00 50.00 50.00
Purchased feed additives (g kg of FPCM)™!

Calcium carbonate (CaCO;) 2.51 2.52 2.51 2.54 0.93 1.02 0.93 0.96
Dicalcium phosphate (CaHPO,) 0.16 0.16 0.16 0.16 0.00 0.00 0.00 0.00
Magnesium oxide (MgO) 0.04 0.04 0.04 0.04 0.05 0.07 0.05 0.06
Calcium sulfate (CaSO4-2H,0) 0.68 0.89 0.68 0.68 091 1.20 0.91 1.07
Sodium chloride (NaCl) 4.40 438 4.40 4.41 434 438 434 437
Magnesium sulfate heptahydrate (MgSO,-7H,0) 0.51 0.20 0.51 0.51 0.21 0.21 0.21 0.21

] Cs = corn silage, As = alfalfa silage, Ms = mixed alfalfa and grass silage, Cg = corn grain, Sb = soybean, W-+As = first year alfalfa established
with wheat (cover crop), H = grass hay, B = barley, Cn = canola, and B+As = first year alfalfa established with barley (cover crop).
(] FPCM = fat- and protein-corrected milk.
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