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Despite its potential to mitigate many environmental impacts of agriculture, organic farming does contribute to
greenhouse gas (GHG) emissions. A full accounting and understanding of theGHGemissions associatedwith spe-
cific activities, materials, and energy used in organic operations are needed to support decision-making for GHG
mitigation. A small-scale organic vegetable farm inWashington State, USA,was used as a case study to determine
the carbon footprint (CF) and GHG hotspots. A partial life cycle assessment was conducted to identify primary
and secondary GHG fluxes associated with activities and materials used in production of potatoes, cauliflower,
dry bush beans, winter squash, summer squash, chard, peppers, and onions grown in a crop rotation. The CF as-
sociated with each crop ranged from a low of 1.68 t CO2-eq ha−1 yr−1 for chard to a high of 2.67 t CO2-eq ha−1-

yr−1 for cauliflower. Cauliflower had the highest CF per ha followed by potatoes and pepper. Across the farm as a
whole, the major CF hotspots were fuel use for both on-farm and off-farm operations (38%), fertilization (18%),
soil emission (12%), and irrigation (11%). Simulation of a switch to biodiesel instead of petroleum gasoline and
diesel resulted in a 32% reduction in the total farmCF. By identifying the CF hotspots of a whole farm and individ-
ual crops, particular inputs and activities can be targeted formodification in order to effectively reduce the farm's
CF.

© 2016 Published by Elsevier Ltd.
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1. Introduction

The natural cycles of carbon and nitrogen have been disrupted in
many ways by human activities in the past two centuries. Human activ-
ities responsible for this disruption include theworld-wide conversion of
native prairies to agriculture, burning of fossil fuels, deforestation, and in-
dustrial Nfixation by theHaber–Bosch process. The net effect of these ac-
tions is an increase in the concentration of atmospheric CO2 from around
280 ppm just prior to the industrial revolution to more than 400 ppm
today and that of N2O from 275 ppb to more than 324 within same
timeframe (Prather et al., 1995; IPCC, 2007; Monastersky, 2013).

The continual increase of CO2 and other greenhouse gas (GHG) con-
centrations in the atmosphere is the major driver of global climate
change, a phenomenon that has been described as one of the greatest
environmental challenges threatening the sustainability of humankind
and natural ecosystems (Millennium Ecosystem Assessment, 2005).
IPCC (2014) reported that about 25% of the total global annual
ale).
emissions of CO2 can be attributed to agriculture, forestry, and other
land use. Agriculture is also the largest source of anthropogenic N2O
and the second largest source of CH4 in the United States, accounting
for almost 80% and 30% of these emissions, respectively (Snyder and
Bruulsema, 2007; Snyder et al., 2009; EPA, 2008). Agricultural activities
contribute about 20% of the global radiative forcing (GRF) (Lal et al.,
1999). Agricultural systems' GHG emissions come from diverse sources
such as N2O emissions from agricultural soils, CH4 emissions from live-
stock enteric fermentation, manuremanagement, rice paddies, machin-
ery manufacture and maintenance, transport of materials, and the
manufacture of crop protection chemicals and fertilizers.

Effective mitigation of global climate change from the agricultural
sector will require an understanding of the net GHG emissions that
are associated with activities, materials and energy used in farming op-
erations and an understanding of the potential cost-effective reductions
in emissions (Dick et al., 2008;Moxey, 2008). The calculation of the car-
bon footprint (CF) of farms and farm products can contribute to this un-
derstanding. A CF calculation identifies the quantity, sources and sinks
of GHGs associated with on-farm and off-farm activities (depending
on the boundary of the system chosen) with the goal of identifying
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opportunities to reduce GHG emissions and increase GHG sinks in the
system. Carbon footprints are expressed in units of CO2-equivalent
emissions (CO2-eq), with GHG other than CO2 expressed in terms of
their GWP relative to CO2 (Lynas, 2007; Wiedmann and Minx, 2008).

Agriculture is not only a source of GHG, but can act as a sink for C by
increasing stored soil organic carbon (SOC). Estimated global SOC se-
questration potentials range from 0.2 to 1.87 Pg C yr−1 depending on
the land use and location (IPCC, 2006; Lal and Bruce, 1999; Lal, 2001;
Conant et al., 2001). Although the potential of SOC sequestration is finite
(Lal, 2004b) it has the potential to offset 5 to 15% of the global fossil-fuel
emission (Kauppi and Sedjo, 2001; Lal, 2004a,b).

Several studies have found organicallymanaged soils to have greater
soil C than those managed under conventional farming systems
(Marriott and Wander, 2006; Gattinger et al., 2012; Leithold et al.,
2015). Additional GHG mitigation potential from organic farms comes
from growing legumes to supply N, and lower external inputs of fertil-
izers and agrochemicals. Scialabba and Müller-Lindenlauf (2010) re-
ported that abstention from industrially produced N fertilizers by
organic agriculture could reduce total global GHG emissions by about
20%. They also suggested that potential C sequestration by organic farm-
ing could compensate for 40–72% of the world's current annual agricul-
tural GHG emissions.

Althoughmany aspects of organic farminghave potential tomitigate
GHGemissions, organic farmsnevertheless emit GHGs both directly and
indirectly. Increased cultivation or specialized materials for weed, dis-
ease and pest management may result in greater GHG impacts than a
synthetic agrichemical based system, depending on how the system is
evaluated (Kotschi and Müller-Sämann, 2004; Pimentel, 2006). Trans-
portation of organic feeds and bulky inputs also contributes to poten-
tially greater GHG emissions in organic systems (Wood et al., 2006;
Meisterling et al., 2009).

Several authors have presented the need for Life Cycle Assessment
(LCA) of agricultural systems and food products (Andersson et al.,
1994; De Boer, 2003; Foster et al., 2006). However, few studies have ex-
amined the CF of organic vegetable production in the United States. Pre-
vious studies on the CF of organic vegetable production focused on
comparing the CF of the organic systemswith conventional farming sys-
tems (Cederberg and Mattsson, 2000; Hillier et al., 2009). Also, none of
the previous CF studies accounted for soil emissions attributable to or-
ganic vegetable production.

Using a case study approach, we analyzed the CF of a small (0.81 ha)
organic vegetable farm in western Washington State. The main goal of
the studywas to identify those activities, materials, and inputs that con-
tributed most to the CF of vegetable production and to compare the CF
associated with different vegetables in the rotation. A partial LCA
(PLCA), cradle to farm gate, (Monti et al., 2009) was used to determine
the emission factors for all important primary and secondary GHG
sources and sinks associatedwith farmmanagement. Primary emissions
here are defined as those from the farmor production systemduring the
actual production process. Secondary emissions are those that occur
during the manufacture or production of resources used in the produc-
tion system. The soil dynamics as a source or sink of GHG emissions
were assessed with CropSyst, a cropping systems simulation model
(Stöckle et al., 1994, 2003). CropSyst simulates the effect of site-specific
climate, soils, and management on soil-plant-atmosphere water and N
dynamics, canopy and root growth, biomass production, crop yield, res-
idue production and decomposition, and soil erosion by water to create
estimates of N and C fluxes to atmosphere, leaching and balances in soil.
Themodel requires information inputs including crop phenology, cano-
py coverage, root depth, residue decomposition characteristics, weath-
er, soil characteristics, and cropping system management options
including crop rotation, N fertilization, tillage operations, and residue
management.

The specific objectives were to: (1) establish an inventory for CF
analysis of organic vegetable production, (2) assess the CF of the farm
and each crop produced, and (3) identify GHG emission hotspots in
the life cycle of the farm and each crop that might be reduced by man-
agement changes.

2. Materials and Methods

2.1. Study site and design

A cradle to farm gate PLCA and simulation of crop and soil dynamics
were conducted to estimate the GHG fluxes within the farm. The GWP
was estimated by considering the CO2, CH4 and N2O emissions associat-
edwith energy andmaterial inputs, activities, and crop and soil dynam-
ics during the production chain. The net GHG emission was determined
as the difference between the CO2-eq emitted and CO2-eq sequestered
across the life cycle of the crops produced on the studied farm, using
IPCC methodology and CO2-eq emissions factors (Nemecek and Kägi,
2007; IPCC, 2007).

The study site was a 0.81 ha vegetable production area on an organic
farm (certified byWashington State Department of Agriculture) located
near Ridgefield, Washington, USA (45o 45′ 45″ N, 122 o 43′ 5″ W). The
soil on the farm was predominantly Hillsboro silt loam, (fine-silty,
mixed, superactive, mesic Typic Glossudalfs) (Soil Survey Staff). The cli-
mate was typical of the maritime region, with cool, wet winters, and
moderately warm, dry summers. In addition to being certified organic,
the farm was selected because: (1) it was representative of small-scale
vegetable production in the Pacific Northwest with diverse annual and
perennial crops (Ostrom and Donovan, 2013); and (2) detailed records
required to carry out the PLCA of the farm were available from the
producer.

Since our primary purposewas to calculate the CF of organic vegeta-
ble production, GWP (kg CO2-eq on a 100-year time scale) was the im-
pact category for this study. Normalized CF of typical inputs to organic
agriculture (Table S.1) used in this studywere based on emission factors
recommended by the IPCC (2007) and Nemecek and Kägi (2007). Out-
put units for thewhole-farm CFwere kg CO2-eq ha−1 yr−1 or kg CO2-eq
farm−1 yr−1. The output units used for each crop CF were primarily
kg CO2-eq ha−1 yr−1, but depending on objectives, were converted to
kg CO2-eq kg dry yield−1 yr−1 or CO2-eq kg fresh yield−1 yr−1. The
functional unit (FU) refers to the main function of the system analyzed
and is the reference unit for the inputs and outputs of the system ana-
lyzed. Since the final function was the production of vegetables, the
FU chosen for this study was the mass unit (1 metric tonne of fresh or-
ganic vegetables) produced in 2012.

For further analysis of potential methods to reduce the CF hotspots
of the farm, hypothetical simulations used biodiesel instead of petro-
leum gasoline and diesel, and used solar powered irrigation in place of
the current hydroelectric powered irrigation while other factors were
held constant. This simulation was affected without CropSyst since the
two factors changed have no effect on soil dynamics.

2.2. Partial life cycle assessment

The system boundary contained the processes and inputs required
for the entire farm production system and performance of farm opera-
tions until the farm products (vegetables) left the farm gate. We evalu-
ated all flows that contributed to the embodied CF of the input delivered
to the farm gate including extraction of raw materials (cradle),
manufacturing/production processes and transportation (Zaher et al.,
2016). The embodied energy of each itemwas determined using the en-
ergy coefficients as indicated in Table S.1. The CF of all farm machinery
was calculated from the embodied energy of the rawmaterials, fabrica-
tion energy, an allowance for repairs and maintenance, and freight to
get the machinery to the farm. The larger the machine the greater the
associated embodied emissions. Also, the more often a machine is
used for a given crop the more of this emission will be attributed to
the crop making use of it. Indirect CO2-eq emissions of each item of in-
frastructure or equipmentwere allocated annually based on the average



Table 1
Inventory of field operations applied in the production of each crop in a 10 year crop series
simulated for a western Washington certified organic farm.

Crop Field operationa Quantity

1-year rye/vetch Plant, broadcast 0.45 kg
Spread lime 409 kg ha−1

Irrigate 250 mm
Mow 2673 m2

Rip 891 m2

Disk 1782 m2

Winter squash Plant by hand 1.7 kg
bFertilize, broadcast 781 kg ha−1

Irrigate 250 mm
Rototill 891 m2

Mechanical weeding 3564 m2

Manual weeding 891 m2

Harvest by hand 891 m2

Transport van 10.27 t-km
Mow 1782 m2

Disk 2673 m2

Potato Plant by hand 108 kg
Irrigate 250 mm
Fertilize, broadcast 1192 kg ha−1

Rip 891 m2

Rototill 891 m2

Open furrow 891 m2

Mechanical weeding 2673 m2

Manual hilling 2673 m2

Harvest digger 891 m2

Transport van 10.27 t-km
Mow 891 m2

Disk 2673 m2

Dry bush beans Plant by hand 6.94 kg
Irrigate 250 mm
Fertilize, broadcast 781 kg ha−1

Rototill 891 m2

Mechanical weeding 1782 m2

Manual weeding 891 m2

Harvest by hand 891 m2

Mow 891 m2

Disk 3564 m2

Chard Plant by hand 0.5 kg
Irrigate 280 mm
Fertilize, broadcast 781 kg ha−1

Rototill 891 m2

Mechanical weeding 5346 m2

Harvest by hand 891 m2

Mow 891 m2

Disk 2673 m2

Summer squash Plant by hand 1.7 kg
Irrigate 330 mm
Fertilize, broadcast 976.3 kg ha−1

Rototill 891 m2

Harvest by hand 891 m2

Mow 1782 m2

Disk 3564 m2

Sweet pepper Plant by hand 1.7 kg
Irrigate 430 mm
Fertilize, broadcast 976.3 kg ha−1

Rototill 891 m2

Mechanical weeding 1782 m2

Manual weeding 3564 m2

Harvest by hand 891 m2

Mow 1782 m2

Disk 2673 m2

Onion bulb Plant by hand 1.7 kg
Irrigate 80 mm
Fertilize, broadcast 596 kg ha−1

Rototill 891 m2

Mechanical weeding 6237 m2

Manual weeding 5346 m2

Harvest by hand 891 m2

Mow 1782 m2

Disk 3564 m2

Cauliflower Plant by hand 1.7 kg
Irrigate 360 mm
Install Remayc 80.26 kg
Fertilize, broadcast 1608 kg ha−1
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working life of the item and usage by each crop (Wells, 2001). The CF of
these inputs also included their end-of-life disposal (grave) when ap-
propriate, e.g., recycling of drip tape, or landfill burial of spent hoop
house plastics. Therefore, for many inputs, the CF boundary was cra-
dle-to-grave. However, for some inputs that included waste materials
as feedstocks, the concept of cradle was different. For example, the
chicken manure used as a feedstock for compost was a waste product
of chicken production and was considered to have no embedded CF
since the CFwas allocated to the chicken farm fromwhence themanure
came. But, the transportation of the manure to the composting facility,
the compost production process (turning, aerating, packaging, etc.)
and transportation to the organic farm all contributed to the CF of the
chickenmanure compost as used on the farm. Therefore, the CF analysis
of inputs was essentially cradle to grave.

The project boundary enclosed the property owned by the farmer.
On-farm buildings, energy, and other inputs were within the project
boundary only if they directly supported crop production prior to the
crop leaving the farm gate, e.g., greenhouses and high tunnels. Resi-
dences, domestic outbuildings, and domestic energy use were excluded
from the project boundary. Input units usedwere generally as-delivered
to the farm, e.g., kg compost (as-delivered, not dry-weight equivalent),
kg of tractor (in operating condition), m3 of water, kWh of electrical
power, etc. These units were converted to kg CO2-eq.

2.3. Farm inventory development

The farm operation inventory included all materials and resources
used in the process of production. The inventory provided the basis
for the calculation of both the direct and indirect GHG emissions associ-
atedwith the production of each crop grown.Data on farm inputs, activ-
ities, and infrastructure were collected through personal interviews
with the farmer, examination of records kept by the farmer, and direct
observation and inspection of the farm (Tables 1, 2 and 3). The invento-
ry analysis was divided into 4 main segments: (1) farm operations (2)
soil and crop inventory dynamics (3) energy inputs and (4) farm facili-
ties (Fig. 1).

The organic vegetable production area consisted of 9 contiguous
plots of 891 m2 per plot. Individual plot management followed a
10 year rotation of cash crops and cover crops as indicated in Table 1.
Each plot had 12 beds of 60 m2 plus paths for foot and wheel traffic be-
tween beds. Two plastic drip tapes were installed on each bed. The GHG
emissions embedded in materials and equipment, and energy con-
sumed in their use were allocated to each crop based on usage through
PLCA. The energy and resources for maintenance of the farm imple-
ments and transportation of the materials were also considered. Equip-
ment lifespans were estimated by the producer.

2.4. Crop and soil dynamics

2.4.1. CropSyst parameterization for the study
Basic soil characteristics for the sitewereobtained fromSTATSGO2 (Soil

Survey Staff). The CropSyst soil profile initializationwas based on soil sam-
ples collected at representative locations on the farm at 0 – 30 cm (Table
S.2). These samples were analyzed at Soil Test Farm Consultants, Moses
Lake, WA. Initial soil characteristics for layers below the sampling depth
of 30 cmwerebasedonknowledgeof how these soil parameters ordinarily
behave. The temperature and precipitation data used to drive CropSyst
were collected from the National Climatic Data Center (NOAA). Other
weather elementswere derived from the Bureau of Reclamation's AgriMet
database with missing data estimated using ClimGen (Castellvi and
Stöckle, 2001). When complete, the CropSyst weather data file contained
continuous weather data from 1970 through 2008.

The crops modeled in this study were generalized to the extent rea-
sonable by setting as many of the crop parameters as possible to com-
mon values (Table S.3). Many other crop parameters were set to
values suggested by accounts in the literature. Table S.4 presents some



Table 1 (continued)

Crop Field operationa Quantity

Rototill 1782 m2

Manual weeding 891 m2

Harvest by hand 891 m2

Mow 891 m2

Crimson clover Plant, broadcast 891 m2

Mow 891 m2

Disk 891 m2

Sudangrass Plant, broadcast 891 m2

Mow 1782 m2

Rototill 891 m2

a For associated operation to be programmed in CropSyst, see Adewale, 2013.
b A special blend of organic fertilizer is used by the farm.
c Reemay® is used as row cover for bothmicroclimate conditioning and pest control for

cauliflower production.

Table 3
Inventory of the infrastructures, energy, materials, dimensions and estimated lifespan as
used on a certified organic vegetable farm in western Washington State.

Structure or system Material Dimension Mass
(kg)

Quantity Lifespan
(yr)

Greenhouse Perlite 91 1
Peat moss 280 1
Compost 271 1
Plastic sheets 1.2 5
Field crates 25 5
Soil mix 620 1
Galvanized
steel

130 10

Mobile hoop house Plastic cover 300 m2 7
Steel tubes 10 m 30 7

Deer fencing Iron post 5 cm × 3
m

84 15

Poly fencing 986 m2 10
Drip Irrigation
systems

Drip tapes 5400 m 104 4
Pump 7.5hp

Energy
Electricity 1000

kwh
Gasoline 1275 l
Diesel 625 l
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N-dynamics crop parameters based on the literature. Table S.5 presents
crop harvest indices and canopy coverages. Once these crop parameters
were set, CropSyst was calibrated by adjusting appropriate parameters
to obtain yield estimates that were within 10% of published values
(Table S.6) for these crops when grown under conventional conditions.
The rye/vetch cover crop was an exception to this 10% goal; its simulat-
ed production exceeded published accounts by 14% for thewinter cover
crop (Lawson et al., 2013) and by 19% for the 1-year cover crop (Leavitt
et al., 2011). Two potential explanations for the overestimateswere that
1) themixture was treated as a N fixer even though only the vetch por-
tion of themixture was a N fixer, and 2) the same crop file was used for
both the 1-year and the winter-only durations of this cover crop. It was
difficult to reconcile these two seasons using a common crop file.

Once crops were well-simulated under conventional conditions, or-
ganic management conditions were imposed by first turning off the au-
tomatic N-fertilizer option in CropSyst and then applying organic
fertilizers according to the type, rate and schedule reported by the farm-
er (Table 1). The reduction in yield for simulated organic cropswas con-
sistent with published accounts (de Ponti et al., 2012). Predicted yield
was greater than farmer reported yield for 6 of the 8 crops. CropSyst
makes no adjustment for crop losses to pests or unsaleable produce.
We assumed that many of the discrepancies between CropSyst's pre-
dicted yields and those reported by the farmer were due to such losses.
We therefore adjusted the harvest index down for the respective crops
to match the farmer's reported yield. This downward adjustment of the
harvest index had the effect of assigning a greater proportion of the
above-ground biomass to the residue C pool.

A 4-year preconditioning term preceded the 30-year model run re-
ported here. This preconditioning period allowed CropSyst to stabilize
initial conditions.

2.4.2. Simulation of soil dynamics
The contributions of crop and soil dynamics to the total CF of the

farm were modeled with CropSyst (Stöckle et al., 1994, 2003; Stӧckle
Table 2
Inventory of the farm implements, dimension, power and source of power used on a certified

Equipment Model or type Powe

Tractors John Deere 3520 35
Farmall A 13
Allis Chalmers G 10

Tillage implements Rototiller
Rinieri flail mower
Rotary mower
Tandem disk
Sub-soiler single shank
Troy Bilt ‘Horse’ walking tiller 6
Mantis Classic 2 Cycle Tiller

Weeding implements Drangen Weeding Platform 13
Basket Weeder
et al., 2012). Estimated impacts included net change in SOC, annual
soil N2O emission, and N leached. Details of CropSyst parameterization
are provided in supplementary data (Tables S.2, S.3, and S.4). The sce-
nario was run for 30 years so that the production of each crop was sim-
ulated in each year of the weather file. The entire series of simulations
was then repeated twice to assess the impact of the cover crops on
the farm's CF. The first repetition excluded all cover crops except the
rye/vetch cover crop that grew for 1 year (Table 1). The final repetition
excluded all cover crops. For the simulation, each operation was con-
ducted on the calendar date provided by the farmer with two excep-
tions. First, when multiple harvests of a single crop were reported by
the farmer only the last harvest date was simulated for cash crops. Sec-
ond, for those crops that were irrigated, CropSyst was programmed to
start automatically irrigating at the time of seeding or transplanting
and end on the date the farmer stopped irrigating. There were some in-
stances in which more than one crop was, in reality, planted on the
same plot. In this situation, the predominant cropwas used for the sim-
ulation. CropSyst lacked the capacity to simulate the growth of more
than one crop simultaneously. Therefore we were unable to mimic
such management strategies as companion planting and underseeding
even though these were practices employed by the farmer. All simulat-
ed biomass production resulted from crop growthwith the exception of
crimson clover (see below).

The equipment and management options used by the farmer were
matched as closely as possible to options in the PLCA and simulated
organic vegetable farm in western Washington State.

r (hp) Width
(m)

Weight
(kg)

Source of power

1450 Diesel
1360 Gasoline
583 Gasoline

1.52 John Deere 3520
1.22 282 John Deere 3520
1.52 567 Farmall A
1.52 170 John Deere 3520
1.52 103 John Deere 3520
0.5 152 Gasoline
0.35 10 Gasoline
2.4 Gasoline
1.52 Allis Chalmers



Fig. 1. Flow diagram of the system boundaries and relevant inputs of an organic vegetable production system in western Washington State.
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by the management files in CropSyst. The farm management options
and fertilizers used are listed in Table 1.

3. Results and discussion

3.1. Hotspots in the carbon footprint of farm operations

Within the field boundary of the farm, the materials and operations
used in tillage, fertilization, and irrigation were the highest contributors
to the CF of farm operations with CF of 3609 (31.6%), 3333 (29.2%), and
Table 4
Carbon footprint (kg CO2-eq ha−1 yr−1) of inputs and operations of crops in a farm rotationwit
shown per ha and per kg fresh crop.

Item Winter squash Potato Dry bush beans Chard

Field boundary
Mowing 36 18 18 18
Disking 352 470 352 352
Weeding 41 31 21 62
Rototilling 62 62 62 0
Harvesting 0 247 0 0
Seed 3 208 13 1
Transport van 16 16 0 0
Fertilizer blend 283 431 283 283
Irrigation 207 207 207 227
Row cover 0 0 0 0
Fertilizer broadcast 24 24 24 24
Bone meal 0 229 0 0
Mobile hoop house 0 0 0 0
CF by area
(kg CO2-eq ha−1yr−1)

1024 1943 980 967

CF by yield
(kg CO2-eq kg fresh crop−1)

0.053 0.033 0.360 0.058

Expanded boundary
Fencing 98 98 98 98
Soil emission 255 255 255 255
Greenhouse 192 0 0 0
Off-farm fuel 365 365 365 365
CF by area
(kg CO2-eq ha−1yr−1)

1934 2661 1698 1685

CF by yield
(kg CO2-eq kg fresh crop−1)

0.101 0.045 0.623 0.101
2088 kg CO2-eq ha−1 yr−1 (18.3%), respectively (Table 4). Tillage in-
cluded disking and rototilling, but disking alone was responsible for
26.7% of the CF of field operations. Most of the tillage CF was due to
fuel use. Fertilization included the production and field application of
an organic fertilizer blend and bonemeal. Most of the fertilization CF
was due to the fertilizer production, but field equipment use for fertiliz-
er application also contributed. Pumping of irrigationwaterwith the 7.5
hp pump was the largest single user of on-farm energy in the studied
case. This corroborates previous studies in which electricity consump-
tion was identified as a major contributor of indirect GHG emission for
h traditional field boundary and an expanded total farmboundary. Total carbon footprint is

Summer squash Peppers Onion Cauliflower Cover crops Total

36 36 18 36 54 270
470 352 470 117 117 3051
0 21 72 0 0 248
62 62 124 62 62 558
0 0 247 0 0 495
3 3 3 3 1 240
0 0 0 0 0 32
353 353 216 608 148 2958
289 372 62 310 207 2088
0 0 0 604 0 604
0 0 24 24 0 146
0 0 0 0 0 229
0 500 0 0 0 500
1213 1699 1236 1764 589 11,419

0.035 0.042 0.046 0.102 0.050

98 98 98 98 98 883
255 255 255 255 255 2295
192 192 192 192 0 959
365 365 365 365 0 2922
2123 2609 2146 2674 942 18,472

0.062 0.065 0.079 0.155 0.080
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the vegetable industry (O'Halloran et al., 2008; Saunders and Barber,
2008). The mobile hoop house for pepper production and row cover
(Reemay®) for cauliflower were also meaningful contributors to the
field operations CF.

3.2. Hotspots in the CF of the crops in rotation

Cauliflower, potato, and pepper had CF of 2674, 2661, and
2609 kgCO2-eq, respectively (Table 4). These three crops had the
greatest CFs among all crops in the farm's rotation.

3.2.1. CF of cauliflower production
Cauliflower ranked first in CF associated with its production in the

farm studied. Fertilization, use of Reemay® as row cover for pest man-
agement, off-farm fuel use, and irrigation were the major contributors
to the CF of cauliflower contributing 24%, 23%, 14%, and 12% respectively
(Table 4). This is similar to findings of O'Halloran et al. (2008) in which
irrigation, fertilizer and machinery use were identified as the top three
contributors to the CF of the Australian vegetable industry. The major
difference in CF hotspots between the two studies is pest management.
Organic growers use biological controls, allowed pesticides, strict sani-
tary control and physical controls like row covers for pest management
(Code of Federal Regulations, title 7, sec. 205.206). Reemay® is a
geotextile spun bonded non-woven fabric often used as row cover to
aid early germination, reduce frost damage, and provide a physical bar-
rier to insects. The material is porous to allow sunlight, moisture, and
gases through while protecting the plants from pests. It is a popular
choice for pest management among organic vegetable growers, but it
was one of the major hotspots in the CF of the studied farm.

In their studies on CF of vegetable production in Australia,
O'Halloran et al. (2008) reported 4570 kg CO2-eq ha−1 yr−1 for the pro-
duction of cauliflower in Australia, which is higher than 2500 kg CO2-
eq ha−1 yr−1 estimated in this study. O'Halloran et al. (2008) figures
were arrived at using the industry average yield data without consider-
ation for the size or the type of farming practices used. The average yield
of cauliflower used in the study by O'Halloran et al. (2008) is 20 t ha−1

which is higher than the average yield of 17.2 t ha−1 of cauliflower in
this study. This indicates that yield of cauliflower in the studied farm
was 86% of the Australian industry average, yet CF was only 55% of the
studied system in Australia.

3.2.2. CF of potato production
Potato production had the second highest CF among crops in our

study. Disking, fertilization, and off-farm fuel use were the top contrib-
utors to the CF of potato contributing 18%, 17%, and 14% respectively
(Table 4). Seed potatoes accounted for 7.8% of the CF of potato. This
was similar to 7.6% associated with seed in potato CF estimates by
DEFRA (2009). There were two distinct CF burdens associated with
seed potato: the inputs to grow the seed potato and the energy required
to transport it to the farm given its substantial fresh mass. Previous
studies have indicated that potato production tends to have substantial
CF (Röös et al., 2010). Hillier et al. (2009) also found potato to have the
highest CF among the crops examined in their studies. In the Hillier et al.
(2009) study the CF of potato was estimated to be 1989.8 kgCO2 ha−1-

yr−1 which is lower than 2661 kgCO2 ha−1 yr−1 estimated for potato in
our study. Understanding the hotspots in the CF of potato production is
particularly important because of the strategic role of Washington State
in potato production in theUnited States.Washington State grew23% of
the total U.S. potato crop in 2013–2014 (USDA-NASS, 2015). Identifying
CFs and hotspots of major crops in both conventional and alternative
systems could be important in formulating policies for reduction of ag-
ricultural driven CF of the state.

3.2.3. CF of pepper production
Pepper CF ranked third among the crops in the farm's rotation. Irri-

gation and the use of a mobile hoop house contributed the most to
pepper CF accounting for 14% and 19% respectively (Table 4). The mo-
bile hoop house is a portable hoop house constructed of a metal frame
(3m in height) and coveredwith a single layer of polyethylene. Themo-
bile hoop house was used to extend the season and productivity of this
crop. Grower records indicated that pepper grown under the mobile
hoop house yielded approximately 50% more than those in the open
field. Peppers perform best when temperatures range between 65o

and 80o F during fruit setting (Aloni et al., 2001). At this northern lati-
tude of 45o 45′ N in a cool maritime climate, pepper production is mar-
ginal withoutmicroclimatemodification such as a hoop house provides.

3.3. CF of soil dynamics

Some of the predicted environmental consequences of operating
this farm are presented in Table 5. Values reported are those predicted
after adjusting the harvest index down (for most crops) to approach
the farmer's estimate of yield. Soil N2O-N emission of 3.95 kg N2O-
N ha−1 yr−1 is equivalent to 1840 kg CO2-eq ha−1 yr−1. This flux of
N2O-N is larger than any reported by Stӧckle et al. (2012) from CropSyst
simulations under conventional agriculture in eastern Washington but
is similar to the average of 3.6 kgN2O-N ha−1 yr−1 reported for Europe-
an organic farms (Petersen et al., 2006) and the 5.4 kgN2O-N ha−1 yr−1

reported for Germany (Flessa et al., 2002). Predicted N leaching losses of
43 kg N ha−1 yr−1 are somewhat smaller than the 53 kg N ha−1 applied
as fertilizer each year. Predicted N uptake by crops was 195 kg
N ha−1 yr−1, and N mineralized in the top 30 cm was 223 kg
N ha−1 yr−1. A predicted annual soil C gain of 42 kg C ha−1 yr−1 in
the top 5 cm of soil along with a loss of 5 kg C ha−1 yr−1 of residue C
suggests effective humification in the top layer of soil. At 0 to 30 cm
SOC loss of 57 kg SOC ha−1 yr−1 was predicted, equal to 210 kg CO2-
eq ha−1 yr−1. However, residue C at 0 to 30 cm increased at the rate
of 77 kg C ha−1 yr−1 (Table 5). When the residue C was added to the
SOC, predicted overall change in SOC in the top 30 cm of soil was a
gain of 20 kg C ha−1 yr−1, or about 73 kg CO2-eq ha−1 yr−1. Total soil
GHG flux is 2293 kg CO2-eq ha−1 yr−1 which represented 12.4% of the
farm CF (Table 4).

Simulated yields and associated harvest indices are presented in
Table 6 for cash crops and cover crops under organic fertilizer condi-
tions. Organic farmers often grow legume cover crops as an alternative
to purchased fertilizers as the most economical way to provide plant-
available N (Gaskell et al., 2000; Dorais, 2007). Removal of winter
cover crops but leaving the 1-year cover crop reduced the simulated
yield of all cash crops except dry beans and chard (Table 6). Since dry
beans fix N their simulated yield was insensitive to the change in soil
N that resulted from removal of cover crops. Chard yields were limited
by low canopy coverage (Table S.7) and were therefore less sensitive
to cover crop removal. Overall predicted yield among cash crops with
just the 1-year rye-vetch cover was 89% of that with all cover crops in-
cluded. Removal of all cover crops further reduced predicted yields in
all cash crops except dry beans and chard (Table 6). Predicted yield of
most crops were reduced by about 15% except winter squash for
which yieldwas reduced by about 35%. Since winter squash in this rota-
tion followed about 18 months of leguminous cover crops, it was most
affected by cover crop removal.

Simulated CF and N leaching without cover crops was greater than
the CF and N leaching of organic vegetable production using cover
crops. Although removal of all cover crops led to less N in the system,
more N leaching was predicted (Table 5). Predicted N leached annually
from the soil also increased from 43 to 57 kg N ha−1 yr−1 without win-
ter cover crops (Table 5). The greater predicted leaching was due to
more water drainage and less N uptake without the cover crops (data
not shown). Without any cover crops, much more SOC was predicted
to be lost (Table 5). From the top 30 cm, 498 kg C ha−1 yr−1 were lost
without cover crops vs. 57 with cover crops, which translates to 1826
and 209 kg CO2-eq ha−1 yr−1, respectively. Predicted N2O emission
was higher with than without cover crops (Table 5) due to increased



Table 5
Soil N and C fluxes associated with the operation of the studied organic farm as estimated by CropSyst.

Environmental feature Value with cover crops Value with only 1-year cover crop Value without cover crops

N flux (kg N ha−1 yr−1)
N leached below rooting zone 43 57 60
N2O emission 3.95 2.72 2.46
C flux (kg C ha−1 yr−1)
0 – 5 cm soil C changea −42 41 50
0 – 30 cm soil C change 57 442 498
Profile soil C change 198 688 812
0 – 5 cm residue C change 5 5 5
0 – 30 cm residue C change −77 −72 −72
Profile residue C change −77 −71 −72
0 – 5 cm total C change −37 46 55
0 – 30 cm total C change −20 370 426
Profile total C change 121 617 740
Total GHG flux (kg CO2-eq ha−1 yr−1)

2293 3536 3865

a Negative value indicates C decrease in atmosphere (gain in soil); positive value indicates C increase in atmosphere (loss from soil).
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N available with cover crops. N2O emission of 2.46 kg N2O-N ha−1 yr−1

is equivalent to 1152 kg CO2-eq ha−1 yr−1.When the effect of C seques-
tration (0 – 30 cm) and N2O emission were considered together, simu-
lated GWP with cover crops was 2293 kg CO2-eq ha−1 yr−1 and
3865 kg CO2-eq ha−1 yr−1 without. Use of cover crops reduced predict-
ed soil GHG emissions by 41%.
3.4. Functional units and CF reporting

The choice of functional unit (FU) can have a significant impact on
study results, and thusmust be considered to assess the relative embod-
ied energy andGHGemissions associatedwith a product (Norman et al.,
2006; Chau et al., 2015; Ruviaro et al., 2015). Aside from cover crops,
which are not exported from the farm, chard and dry bush beans had
the lowest CF per unit area, of 1685 kg CO2-eq ha−1 yr−1 and
1698 kg CO2-eq ha−1 yr−1 respectively (Table 4). The result changed
however when comparing the CF as kg CO2-eq kg fresh yield−1 of the
crops. The CF for dry bush beans of 0.623 kg CO2-eq kg−1 crops is the
greatest among all the crops grown by the farm. Potato which is one
of the crops with the greatest CF in the rotation per unit area had the
lowest CF per unit fresh mass (0.045 kg CO2-eq kg fresh mass−1).

Dry bush bean had the greatest CF bymass because of its lower yield
mass compared to other crops and also because of its lowwater content
compared to other vegetables. Potato had the lowest CF when reported
on a freshmass basis because of high yieldmass and highwater content
Table 6
CropSyst estimates of yields using tabled harvest indices.

Simulated Simulated

Crop Yield with cover crops yield without cover crops Harvest
index

(kg dry matter ha−1) (kg dry matter ha−1)

Winter rye/hairy vetch
cover, 1 year

10,657 na na

Winter rye/hairy vetch
cover, winter

5287 na na

Winter squash 1924 1261 0.21
Potato 5830 4737 0.55
Dry bush beans 2211 2211 0.28
Chard 962 962 0.24
Summer squash 3405 2894 0.40
Sweet pepper 3124 2638 0.49
Bulb onion 3052 2641 0.60
Buckwheat cover 2878 na na
Cauliflower 1549 1407 0.23
Crimson clover cover 6247 na na
Sudangrass cover 7122 na na
of potato when compared to other crops in the farm's rotation. The dif-
ference in the CF of potato and dry bush beans, based on change in FU as
observed in this study, further demonstrates the importance of FU in the
estimation, comparison, and analysis of CF of any crop. It also brings to
light the limitation of comparing the CF of different crops to each
other. The FU chosen for reporting CF determines how the results may
be used or interpreted.

3.5. Comparing studies

Few vegetables have been the subject of multiple complete CF stud-
ies, except onions. The CF of 0.046 (field boundary) or 0.079 kg (ex-
panded boundary) CO2-eq kg−1 estimated for onions in this study
(Table 4) is similar to other findings. Saunders et al. (2006) reported
emissions of 0.059 kg CO2-eq kg−1 for conventional onions produced
in New Zealand (NZ) versus 0.042 kg CO2-eq kg−1 for onions produced
in the United Kingdom (UK). The CF of subsequent shipping of NZ on-
ions to UK or controlled storage in UK was 0.125 kg CO2-eq kg−1,
dwarfing either on-farm CF. A similar study determined CF (field
boundary) of 0.039 kg CO2-eq kg−1 for onions grown in Sweden and
0.046 kg CO2-eq kg−1 for onions grown in Denmark (Lagerberg-
Fogelberg and Carlsson-Kanyama, 2006). Both of these studies relied
on average data from onion industry reports in their respective coun-
tries and neither included direct GHG emissions from soil except from
lime use.

3.6. Whole farm CF

The total CF of the studied farm with an expanded boundary was
18,472 kg CO2-eq ha−1 yr−1. This expanded boundary CF included in-
frastructure such as deer fencing, a greenhouse, and soil emissions
(Table 4), which are often overlooked in CF studies. Using a boundary
of the farm field, more similar to other studies (Lagerberg-Fogelberg
and Carlsson-Kanyama, 2006; Hillier et al., 2009) which excludes soil
emissions, farm infrastructures, and off-farm fuel use for production,
the CF of the studied operationwas 11,419 CO2-eq ha−1 yr−1. The selec-
tion of a field-only vs whole-farm system boundary therefore affected
CF estimation by 38%.

Fuel use both for on-farm and off-farm operationwas the primary CF
hotspot in thewhole farm. The CF of gasoline and diesel can be allocated
among the crops based on themanagement practices for each crop. Pro-
duction of chard had the highest CF associated with fuel usage in the
studied farm, followed by onion and potato. Weed management in
chard production involves several passes of a basket weeder, which ex-
plains the high fuel CF of chard. The 10-fold increase in the global energy
budget for agricultural activities since the start of the twentieth century
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(Boyle, 2004) suggests that there is room for improvement in agricul-
tural use of fossil fuel (Smith et al., 2015)

The farm's greenhouse had a total CF of 959 kgCO2-eq ha−1 yr−1,
which included both the physical structure and materials used. The
greenhouse is used for production of transplants for five of the cash
crops used in this study. On the other hand, a CF of only 222 kgCO2-
eq ha−1 yr−1 is associated with the seed for three crops that do not
use the greenhouse, including potato with a CF for seed of 208 kgCO2-
eq ha−1 yr−1. On-farmproduction of seedlings in the farm's greenhouse
had a higher CF than seed purchased off-farm. However established
seedlings are necessary for some crops to reach production in this
area. The constituents of the greenhouse CF are thus worth further
exploration.

A greenhouse is often considered an essential facility in organic veg-
etable production in many climates. However, the materials and tools
used in a greenhouse can have considerable CF as found in this study.
With a CF of 270 kg CO2-eq ha−1 yr−1, the use of peat in the studied
farm greenhouse contributed most to the greenhouse CF (Fig 2). The
greenhouse potting mix (3:1 peat and perlite) also had a high CF,
264 kg CO2-eq ha−1 yr−1. Peat is a common material used as a green-
house potting medium. The use of peat is also unsustainable by other
measures, with a regeneration rate of peatland in Finland about 85
times slower than the commercial peat removal rate (Schilstra, 2001).
Furthermore, the mining of peat is responsible for the loss of non-ener-
gy assets like biodiversity, landscape amenities, and historic archives
(Winkler and DeWitt, 1985; Knight, 1991; Shaw, 2000).

Apart from compost use in the greenhouse which also has a consid-
erable CF of 238 kg CO2-eq ha−1 yr−1, othermaterials and activities (in-
cluding the greenhouse structure) have a relatively low CF. Thus,
finding alternatives for the use of peat and purchased compost in the
greenhouse would be a worthwhile option for the reduction of the
farm's CF.

3.7. Alternative farm inputs for CF reduction

Irrigation was a major contributor to the CF of the three crops iden-
tified as hotspots in the farm production. Irrigation per ha was greatest
on pepper (14%) followed by cauliflower (12%). These are late season
crops and required more irrigation in the late summer when demand
was high. A considerable amount of energy is required to make water
available to crops. These three crops hold great potential to reduce the
farms total CF by altering management decisions.

Fertilizing and disking were two other activities that contributed
substantially to the CF of each of the three hotspot crops. Fertilizing CF
per ha was greatest on cauliflower (23%) followed by potato (16%).
Disking CF per ha was greatest on potato (18%) followed by peppers
(14%). So adjustments to the management of cauliflower and potato
could have considerable impact in reducing the CF of the farm. Also,
Fig. 2. Contribution of various factors to the CF of greenhouse operations (unit).
the high CF associated with the use of some specialized materials like
row cover (Reemay®) for cauliflower, and mobile hoop house for pep-
per production also indicate that alternatives to their management
could reduce the CF of the farm.

The simulation of a switch by the farm to the use of biodiesel (in-
stead of gasoline and diesel) reduced total CF by 32%, use of a solar
powered irrigation system (in place of the current PNW 90% hydro
powered system) reduced total CF by 2%, and the combination reduced
total CF 34%, from 18,478 kg CO2-eq ha−1 yr−1 to 12,158 kg CO2-
eq ha−1 yr−1. The simulated reduction in the farm CF included a reduc-
tion in the CF of every crop, since all (cash) crops used fuel and irrigation
(Fig 3). A proposed shift to biodiesel also changed the ranking of
hotspots among the crops grown by the farm. Under the biodiesel sce-
nario cauliflower still had the highest CF of 2207 kgCO2-eq ha−1 yr−1

but peppers ranked second and potatoes ranked third (Fig. 3).
Biodiesel use has a high potential to reduce agricultural CF as it only

releases the CO2 that the biofuel crops absorbed while growing. In our
study, the CF allotted to biodiesel was only due to processing of the bio-
diesel from its feedstock. However, adoption of biofuels and biodiesel at
global scale could put further pressure on forests, native grasslands and
the food supply (Melillo et al., 2009). Land use change in this scenario as
a result of conversion of forest to cropland could lead to loss of seques-
tered C to the atmosphere, a situation that could significantly increase
the emission cost of liquid biofuels (Searchinger et al., 2008; Melillo et
al., 2009).
4. Summary and conclusions

Effectivemitigation by agriculture of GHGemissions and hence glob-
al climate change requires identification of significant CF and GHG
sources or hotspots in agricultural production systems. Our study of a
small organic vegetable farm identified fuel use, organic fertilizer, soil
emissions, and irrigation as the major hotspots in the CF. Cauliflower,
potato and pepper crops had the highest CF ha−1 among the crops
grown in this test case. The use of biodiesel in place of gasoline and die-
sel combinedwith the use of solar powered irrigation system in place of
grid powered irrigation systems could reduce the CF of the farm by 34%.
Specialized plastic materials (i.e., hoop house for pepper and row cover
for cauliflower) with high CF might be replaced or their lifespan might
be extended to reduce annual CF. This study also established that the ab-
solute values of the CF estimated for various crops may vary, depending
on materials and activities included in the chosen system boundaries.
Estimation of CF will be useful in identifying hotspots of materials and
activities with the largest targets for CF reduction. This will enable
farmers, businesses, and policymakers to innovate and focus efforts on
Fig. 3. Carbon footprint of the farm's crops given the effect of a switch to the use of
biodiesel and solar powered irrigation system.
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finding viable alternatives that provide the greatest benefit to reducing
the carbon footprint of agriculture.
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