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ABSTRACT KEYWORDS

The use of sheep in lawnscape management is touted as a low-carbon Sheep grazing; landscape
alternative to conventional lawnscaping; however this claim remains management; landscaping;
unsubstantiated. While conventional lawnscaping generates greenhouse gas landscape emissions;
(GHG) emissions, primarily through fuel combustion, sheep grazing produces ~ 2wnmower; sustainability
methane (CH,) as well as manure which releases embodied nitrogen as

nitrous oxide (N,O) as it degrades. These gases have a carbon equivalency

of 25 and 298 respectively, indicating their much greater potency as GHGs

relative to carbon dioxide (CO,). This paper is the first to critically profile and

compare GHG emissions produced by grazing and conventional lawnscape

management. It discusses critical factors affecting the carbon footprint

of both practices, and develops a framework for evaluating lawnscape

management emissions. This study finds that replacing lawnmowers and

the treatment and application of compost with a grazing regime can reduce

net lawnscape management emissions by 34-37%, or 980 kgCO,e/ha/year.

1. Introduction

Public and private sector organisations are increasingly searching for ways to reduce their greenhouse
gas (GHG) emissions. One possibility is to adopt more sustainable management of turfgrass‘lawnscapes.
Lawnscape management regimes vary significantly according to climatic conditions and land-use,
however regular gas-powered mowing and the removal of grass clippings throughout the growing
season is a common feature (Bormann, Balmori, & Geballe, 2001; Chalmers & Booze-Daniels, 2009).
Regular mowing and composting of lawnscape waste, referred to in this paper as conventional
lawnscape management (CLM), generates significant GHG emissions (Selhorst & Lal, 2013; Strohbach,
Arnold, & Haase, 2012). While various studies have proposed incineration or anaerobic digestion as
value-added alternatives for treating lawnscape waste (see Shi et al., 2013; Shi, Ge, Chang, Shao, &
Tang, 2013; Springer, 2012; Triolo, Pedersen, Qu, & Sommer, 2012), both rely on the continued use of
resource-intensive lawn mowers, waste collection and waste management activities.

Grazing lawnscape management (GLM), depicted in Figure 1, is a comprehensive alternative to CLM,
in which herbivorous livestock, typically sheep, are used to manage turfgrass areas, replacing the need
for lawnmowers and organic waste treatment. The use of sheep labour in landscape management
dates back to at least the thirteenth century and was a defining feature of pre-industrial European
farming (Brunt, 2007; Cunfer & Krausmann, 2009). Today GLM is used by governments and businesses
around the world, and in 2013, was even promoted by a number of British politicians as a way to reduce
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Figure 1. (Left) Sheep mow the White House Lawn c. 1918. Source: The White House Historical Association, n.d. (Right) Sheep manage
apartment lawnscape in Gloucestershire, UK in 2012. Source: Tomlinson (2012).

government expenditure (Holehouse, 2013). Moreover, GLM is often described as an environmental
alternative to CLM (e.g., Kim, 2014; ‘Paris hires munching sheep as eco lawn mowers, 2013), despite
the fact that sheep produce methane (CH,) as well as manure which releases embodied nitrogen as
nitrous oxide (N,O) as it degrades. These gases have a carbon equivalency of 25 and 298 respectively,
indicating their much greater potency as GHGs relative to carbon dioxide (CO,).

This paper is the first to profile and compare GHG emissions from CLM and GLM. It begins with an
overview of CLM and the principle ways in which it generates GHG emissions, followed by a similar
overview for GLM. The remainder of the paper is divided into methodology and assumptions, results,
discussion and conclusion.

2. Overview of conventional lawnscape management

CLM is a resource-intensive process, requiring regular inputs of fossil fuels, water and fertiliser, as
well as the removal and treatment of organic waste. This study focuses exclusively on GHG emissions
generated from lawnmowers and lawn waste management, since these are the emissions sources
which are effectively replaced by GLM.

2.1. Lawnmower emissions

GHG emissions from lawnmower use are substantial; in the US they release an estimated 1.8-3.7 TgCO,e
annually (Selhorst & Lal, 2013). Motorised lawn and garden equipment (LGE) can also be a significant
source of emissions for large land-owning organisations. A study of the University of Central Florida for
example, estimated that roughly 1200 Mg of carbon dioxide (CO,) were emitted annually as a result of
LGE use on campus (Clifford & Cooper, 2012).

Most lawnmower studies are conducted under lab conditions and express emissions as a function
of time (g/h) or unit of fuel (g/1). The first such studies involving direct testing of lawnmower emissions
date back to at least the mid-1970s (Hare, Springer, Oliver, & Houtman, 1973; Zinger & Hecker, 1979).
In the decades since, numerous other studies have been performed (Gabele, 1997; Priest, Williams,
& Bridgman, 2000; White, Carroll, Hare, & Lourenco, 1991) though these have focused on non-GHG
emissions due to their human health impacts.

Afew studies have instead focused on GHG emissions from lawnmowers, developing spatial emissions
estimates as part of larger investigations into the carbon sequestration capacity of lawnscapes (Sahu,
2008; Selhorst & Lal, 2013; Sivaraman & Lindner, 2004; Townsend-Small & Czimczik, 2010a, 2010b). Unlike
emissions per hour or unit of fuel, spatial emissions estimates require the researcher to make implicit
or explicit assumptions about mowing speed and blade coverage. Thus while a spatial estimate is the
established and most practical method for profiling GHG emissions from landscape management, it
necessarily involves a higher degree of uncertainty than other emissions figures.
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Table 1. Spatial fuel consumption (Sahu, 2008).

Machine type Fuel consumption (I/ha)
Push mower 9.35
Ride mower 7.02

To develop a spatial lawnmower emissions estimate, it is first necessary to determine spatial fuel
consumption. Previous studies have accomplished this using one of three methods. Townsend-Small
and Czimczik’s (20104, 2010b) study concerning park management emissions in Irvine California, used
a monthly fuel consumption rate and total park area to determine fuel consumption per hectare per
year. This method elegantly avoids the need to make assumptions about lawn mowing speed and
blade coverage, and thus is an ideal means of calculating spatial emissions from lawnmowers for an
in-use CLM regime.

Other studies have developed spatial fuel consumption figures for lawnmowers without a case-
study reference. Sivaraman and Lindner’s (2004) accomplished this by making explicit assumptions
about operator walking speed and blade length. Assuming no blade overlap on already mowed grass,
the authors estimated an average mowing time of 5.9hr/ha. Combining this figure with hourly fuel
consumption rates, they were then able to estimate fuel consumption/ha.

A third method is to use established industry figures which include implicit assumptions about
mowing speed and blade coverage. Studies by Sahu (2008) and Selhorst and Lal (2013) both use this
method, citing the same spatial fuel consumption figures for push and ride mowers first published by
Sahu (see Table 1).

2.2. Compost emissions

Composting is often considered a GHG negative process because it can be used to divert organic waste
from landfill, replace carbon-intensive peat and synthetic fertilisers, and increase carbon sequestration in
soil (Boldrin, Andersen, Mgller, Christensen, & Favoino, 2009; Christensen et al., 2009; Fisher, 2006). These
same benefits however, have equally been attributed to the use of livestock grazing (Garnett, 2009;
Hadjigeorgiou, Osoro, Fragoso de Almeida, & Molle, 2005) and so are excluded from the present study.

2.2.1. Biogenic compost emissions

Composting produces the GHGs CO,, CH, and N, O (Ermolaev, Sundberg, Pell, & J6nsson, 2014) however,
while CO, is produced in the greatest quantity, it is considered part of the natural carbon cycle and
thus climate change neutral (Andersen, Boldrin, Samuelsson, Christensen, & Scheutz, 2009; Hellebrand,
1998).! Biogenic compost emissions (BCEs) are dependent on a wide range of factors (feed stock and
particle size, temperature, moisture content, and aeration levels) making compost management
essential to minimising GHGs (Amlinger, Peyr, & Cuhls, 2008; Andersen, Boldrin, Christensen, & Scheutz,
2010; Ermolaev et al., 2014; Hellebrand, 1998). BCEs are typically expressed as a ratio of emissions output
to Wet Waste (WW) input (kgCO,e/MgWW).Table 2 presents BCE rates from a number of studies, as well
as the IPCC's own default emission factor (EF) for the biological treatment of waste (Pipatti et al., 2006).

2.2.2. Compost management emissions

Compost Management Emissions (CMEs) are often excluded from compost emissions studies despite
the important role of machinery in centralised composting systems (Christensen et al., 2009). Total CMEs
can vary considerably depending on the management regime employed. In open compost systems,
CMEs originate from fuel combustion in shredders, loaders, turning machines, while in closed systems,
further indirect emissions may occur through the use of electricity in temperature regulation and air
filtration (Boldrin et al., 2009). As with lawnmower emissions, CMEs are derived from fuel consumption
rates, expressed in litres (diesel)/MgWW (Boldrin et al., 2009).
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Table 2. Biogenic composting emissions.

Source Compost operation Feed stock kgCO,e Mg™' WW

Amlinger et al. (2008) Backyard Composting Organic Household Waste 76.1
Windrow Composting Organic Household Waste 14.4-41.2

Garden Waste 8.6-67.9

Anderson et al. (2010) Backyard Composting Organic Household Waste 100-239

Andersen et al. (2009) Windrow Composting Garden Waste 111+30

Hellebrand (1998) Pilot Garden Waste 143

Dong et al. (2006) Default Garden Waste 189.4

2.2.3. Emissions from compost use

Finally, compost also releases GHG emissions when used as fertiliser. Although the practice is atypical
in CLM, compost can be an effective alternative to more conventional ammonium nitrate fertilisers
(ANFs) (Zhang, Malhi, Panasuik, & Henriquez, 2010). The application of compost, if not performed
manually, will require the use of landscape machinery and is therefore an important consideration
when comparing CLM and GLM emissions, as the spreading of compost mirrors the equivalent process
of spreading manure performed naturally by sheep. Once applied to the land, soil enhancers like manure
and compost produce N,O emissions, as stored Nitrogen (N) is exposed to the air and undergoes
oxidisation (Pipatti et al., 2006). The amount of N,O generated from N in applied compost has been
measured at between 1 and 2.2% (Boldrin et al., 2009).

2.3. Carbon sequestration in turfgrass

Numerous studies have demonstrated carbon sequestration in lawnscapes, though the impact of
lawnscape management remains a topic of debate. Several studies conclude that carbon sequestration
rates in turfgrass exceed GHG emissions from a range of likely lawnscape management regimes
(Maestas, Alexandrou, Bushoven, Goorahoo, & Adhikari, 2012; Selhorst & Lal, 2013; Zirkle & Augustin,
2011) however others (Lafond, Lalancette, Brodeur, Allaire, & Dufour-LArrivée, 2008; Townsend-Small
& Czimczik, 2010a, 2010b) argue net carbon sequestration depends on conservative management
practices. Sahu (2008) and Milesi et al. (2005) on the other hand, argue that more intensive turfgrass
management can actually increase net sequestration rates despite the greater management emissions.
Grassland studies have also found that management with livestock can enhance carbon sequestration
rates (Allard et al., 2007; De Faccio Carvalho et al., 2010; Garnett, 2009) however, as Selhorst and Lal
(2013) point out, the carbon capacity of turfgrass is not boundless; once exhausted, it will no longer
serve to offset continued lawnscape management emissions. Moreover, higher management emissions
mean turfgrass sequestration cannot offset GHGs from other sources, resulting in a greater opportunity
cost. For these reasons, this study excludes carbon sequestration impacts.

3. Overview of grazing lawnscape management

Sheep and other ruminant livestock produce GHGs in the form of CO,, CH, and N, O, however as with
composting, CO, emissions are considered natural and thus excluded from livestock emissions estimates
(Dong et al., 2006; Herrero et al., 2011). CH, is primarily generated as a result of enteric fermentation
during the digestive process in ruminants, though it may also arise during manure management. N,O
emissions originate from livestock manure, chiefly during storage and following its application as
fertiliser (O'Mara, 2011). Livestock emissions are typically expressed as kgCO,e per weight of marketable
product (meat, milk, eggs, wool) though they may also be expressed on a per head basis (Garnett, 2009),
as when considering the global warming impacts of animal labour.
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3.1. Enteric fermentation and the production of CH,

The agricultural sector is estimated to produce two-thirds of annual anthropogenic CH, emissions
(Sejian, Lal, Lakritz, & Ezeji, 201 1), half of which has been attributed to enteric fermentation in ruminant
livestock (Eckard, Grainger, & de Klein, 2010). Enteric fermentation is the process by which methanogens
living in the digestive tract of ruminants consume a portion of the animal’s feed and produce CH, which
is then released into the atmosphere (Sun et al., 2012).

Enteric CH, emissions in sheep are usually measured in vivo using respiratory chambers
(McAllister, Beauchemin, McGinn, Hao, & Robinson, 2011) and have been found to range from 12.2
to 32gCH,/sheep/day depending on a range of variables including feed intake, grazing intensity and
individual animal and breed characteristics (Savian et al., 2014). In a well-known study by Pelchen and
Peters (1998), the authors reviewed 89 studies concerning enteric emissions in sheep and derived an
average emissions rate of 22.159CH,/sheep/day. The IPCC, which distinguishes between developed and
developing countries, uses a default EF for the former of 21.99CH,/sheep/day, drawing from previous
studies and assuming an average live weight of 65 kg (Dong et al., 2006).

3.2. Manure emissions

Sheep and other ruminant livestock only consume 5-25% of the N contained in their food; what remains
is excreted through faeces and urine, collectively known as manure (Eckard et al., 2010). The relatively
high N content in livestock manure is what makes it a potent fertiliser, but also a major source of CO,e,
as stored N is oxidised into N,O. The United Nations’Food and Agriculture Organisation (FAO) estimates
that animal manure accounts for 5% of anthropogenic GHGs globally (FAO, 2006). The methods by which
manure is stored and applied to the land are the critical factors affecting manure emissions (Dong et al.,
2006). Anaerobic conditions in manure storage ponds or tanks result in the creation of CH,, while long
storage times increase N oxidisation into N,O. Eliminating storage time and applying manure directly
to the land through grazing can therefore dramatically reduce manure emissions (Gerber et al., 2013;
Murphy, Crosson, O'Brien, & Schulte, 2013).

3.2.1. Pasture, range and paddock manure management

The impact of manure management systems on manure emissions is reflected in their different N,O
EFs. Sheep grazing is considered a ‘pasture, range and paddock’ (PRP) system in which, ‘the manure
from pasture and range grazing animals is allowed to lie as deposited, and is not managed’ (Dong et
al., 2006, p. 10.49). The PRP EF for sheep manure used by the IPCCis .01 kgN,O/kgN (Ce Klein, Novoa,
& Williams, 2006).

4. Methodology and assumptions

The comparison of CLM and GLM emissions in this study was based on a 26-week turfgrass growing
season. This is in accordance with previous turfgrass studies in temperate climates (Sivaraman & Lindner,
2004), and was confirmed as appropriate for the UK through discussion with a UK-based landscape
management company. All grass growth was assumed to occur during the 26-week growing season.
Emissions estimates for both CLM and GLM are presented in terms of annual management emissions/ha
of turfgrass. As previously stated, no transportation emissions associated with either CLM or GLM were
considered due to their high variability, nor were the impacts of carbon sequestration in turfgrass.
All lawn waste is assumed to be treated in an open compost system where the only CMEs are from
fuel combustion. Compost emissions include those generated during compost production, and those
associated with its land application as together, these stages represent a parallel and equivalent process
to the digestive breakdown of organic material within sheep and the distribution of manure across
the landscape.
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Only N,O emissions from applied compost and manure were included, CH, emissions being minor
under well-aerated conditions (Ermolaev et al., 2014). Finally, all CH, and N,O emissions detailed in
this study were converted to CO,e based on their respective global warming potential (GWP) over a
100-year period (25GWP for CH,; 298 GWP for N,O) (Forster et al., 2007).

4.1. Estimating CLM emissions

4.1.1. Mowing emissions

In the CLM regime developed for this study, mowing was assumed to occur weekly throughout the
growing season in accordance with well-established mowing behaviour identified in previous studies
(Alumai, Salminen, Richmond, Cardina, & Grewal, 2009; Heckman, Liu, Hill, DeMilia, & Anastasia, 2000;
Sahu, 2008; Sivaraman & Lindner, 2004; Wang, Haver, & Pataki, 2013). Emissions estimates for both
push and ride mowers were developed using the spatial fuel consumption figures from Sahu (2008)
of 9.35 I/ha for push mowers and 7.02 I/ha for ride mowers. Fuel volume was converted into mass
using a standard ratio of 1 I: .75 kg. The resulting fuel mass/ha was then multiplied by the European
Environmental Agency’s (EEA) Tier 1 default GHG EFs for LGE (Winther, Samaras, Zierock, & Lambrecht,
2010), presented in Table 3.

4.1.2. Compost production emissions

Emissions estimates for composting were based on an open composting system in which no heat or
energy is captured during the composting process. It was assumed that all grass clipping were collected
during mowing. An average annual grass clipping yield of 10 MgWW/ha was adopted from work by
Springer (2012) in the US, though it should be noted that industry and council sources in the UK claim
maximum grass clipping yields ranging from 16 Mg to 22 Mg/ha (Mowerpro, 2010; Mulching Magic,
2010; Redding Municipal Utilities, 2004). Though no peer-reviewed publications were found to verify
these claims, they indicate the Springer figure may be a conservative one.

To determine the appropriate BCEs, the study used the IPCC's default EF of 189.6 kgCO,e/MgWGW (wet
garden waste) (Pipatti et al., 2006). CMEs were estimated using Boldrin et al’s (2009) fuel consumption
figure of 3 | diesel/MgWW for open compost systems and the EF for diesel of 2.7 kgCO,e/l used by
Fruergaard, Astrup, and Ekvall (2009).

4.1.3. Compost use emissions

Since the effort required to spread tonnes of compost evenly across a hectare makes manual labour
impractical, this analysis assumed all compost would be applied using landscaping machinery and used
a fuel consumption rate of 12 | diesel/ha (Dalemo et al., 1997), multiplied by the previously mentioned
EF for diesel combustion (Fruergaard et al., 2009).

In order to determine N,O emissions from applied compost, total N content first needed to be
estimated. This was accomplished using the annual grass clipping estimate of 10 Mg/ha, and an average
N output from composting of 6 kgN/MgWGW (Boldrin et al., 2009). This figure was then multiplied by
the IPCC’s default EF of .01 for the oxidisation of N into N,O from compost (Ce Klein et al., 2006).

The most significant factors affecting total CLM emissions are lawnmower fuel consumption/haand
grass growth (kgWGW/ha). A sensitivity analysis was conducted by isolating both factors and adjusting
their values £40% while keeping the opposite factor constant. Variations in grass growth were assumed

Table 3. Lawn and garden emissions factors (Winther et al., 2010).

Engine type Emission EFs kg gasoline™

2 Stroke o, 3.197 kg
CH, 229
N,O .02¢

4 Stroke o, 3.197 kg
CH, 1959

N,0 064
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to have no impact on lawnmower use or compost application emissions. The analysis was performed
separately for push and ride mowers.

4.2. Estimating GLM emissions

In calculating GLM emissions, this study assumed no external feed inputs would be required during
grazing, and that emissions from the supply of drinking water would be negligible. Emissions estimates
were based on the exclusive use of adult, non-lactating ewes based on current GLM regimes in practice
(Playdon, 2014)? as well as recommendations made to Scottish Natural Heritage (2006).

4.2.1. Developing a grazing regime

To estimate GLM emissions, a grazing regime, expressed in‘sheep-days’ (grazing days/year x sheep/ha),
was developed using Scottish Blackface sheep, among the most common breed in Britain (Mavima,
2011). Annual lawn clipping waste of 10 MgWW/ha, equivalent to 3.95 MgDM (dry matter)/ha (Springer,
2012), was used as a proxy for available feed, then divided by the average voluntary daily forage intake
for an adult blackface ewe of 1.4 kgDM (Forestry Commission Scotland, 2014). This produced a grazing
regime of 2821 sheep days, from which GLM emissions could be estimated. While a fixed forage intake
is a simplification, the advantage of using a‘sheep-days’regime directly tied to grass growth is it allows
for variability in stocking rates throughout the growing season based on changing forage availability.

4.2.2. Grazing emissions

To estimate enteric emissions/ha from a grazing regime of 2821 days, the number of sheep-days was
multiplied by the IPPC’s Tier 1 figure for enteric sheep emissions in developed countries of 21.99gCH,/
sheep/day (Dong et al.,, 2006).> N,O emissions from sheep manure were calculated using DEFRA's
estimate for the annual N excretion per adult sheep of 8.8 kg (DEFRA, n.d.) which was multiplied by
the IPCC’s Tier 1 EF for PRP of .01 (Ce Klein et al., 2006). The result was then used to derive daily N,O
emissions per sheep and subsequently for 2821 sheep-days. A sensitivity analysis was performed in
which daily CH, and N,O emissions per sheep were isolated and adjusted +0% while the opposite
factor was held constant.

5. Results
5.1. CLM emissions profile

5.1.1. Lawnmower emissions

A complete emissions estimate for the use of both push and ride lawnmowers is presented in Table
4. The results show that CO, accounts for approximately 99.9% of total GHG emissions mass and 98%
of total GWP. As one would expect, push mowers produce greater emissions (598.8 kgCO,e) than ride
mowers (447.2 kgCO,e) in proportion to their different rates of fuel consumption/ha. Combining push
and ride mower emissions produces an average of 521 kgCO,e/ha/year.

Table 4. Lawnmower emissions.

Mowing kg Gas Emissions Total CO,e
Machine type kg Gas ha™ frequency ha ' yr’ EFs hayr! COehayr! ha T yr!
Push 7.01 26 182.26 o, 582.69 kg 582.69 kg 594.8 kg
CH,  35541g 8.89kg
N,0 1094 3.26 kg
Ride 527 137.02 €O,  43805kg 438.05 kg 4472 kg
CH,  267.19g 6.68 kg

N,O 8.22¢g 2.45 kg
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5.1.2. Compost emissions

Emissions for both the production and use of compost are presented in Table 5. The results show that
compost production accounts for just over 90% of total CO,e. Biogenic emissions are the single greatest
source, responsible for 96% of CO,e during production, and 87% of total compost emissions. The second
greatest source of CO,e is N,O resulting from N oxidisation in applied compost, which accounts for 85%
of emissions from compost use but only 8% of total compost emissions.

5.1.3. Total CLM emissions

A complete emissions profile for CLM, presented in Table 6, shows that compost is responsible for the
majority of CLM emissions, contributing 79% of emissions when using a push mower, and 83% when
using a ride mower. Based on these findings, the average emissions output for CLM is estimated at
2707.4 kgCO,e/ha/year.

5.2. GLM emissions profile

Total annual GHG emissions for a grazing regime of 2821 sheep-days are estimated at 1747.2 kgCO,e/
ha/year. The results, presented in Table 7, show that enteric CH, emissions account for 99% of total
emissions mass, and 88% of total GWP.

5.3. Comparing emissions from CLM and GLM regimes

A comparison of CLM and GLM regimes used in this study, presented in Table 8, shows that GLM produces
37% less emissions/ha than CLM using a push mower and 34% less using a ride mower. Using average
lawnmower emissions of 521 kgCO,e/ha/year, Figure 2 depicts the contributions of different CLM and
GLM processes to their respective carbon footprints and their net difference of 960.2 kgCO,e/halyear.

Table 5. Compost emissions.

Total kgCO,e

Emissions sources EFs MgWGW ha™'yr'  kgCO,e ha™' yr ha " yr'
Compost Biogenic emissions 189.4 kgCO, 1894
production tWGW-!
CME 8.1kgCO,e 10 81 2186.4kg CO,e
tWGW-!
Application 32.4kgCO, ha™! 324
Compost use N Oxidisation 17.9kg CO,e 179
tWGW-!

Table 6. Total CLM emissions.

Mowing emissions Compost emissions Total emissions kgCO,e
Mowing regime Machine type kgCO,e kgCO,e ha'yr!
Push 594.8 2781.2
26 mows year™' 2186.4
Ride 447.2 2633.6

Table 7. Total GLM emissions.

Total emissions
Emissions source EFs Sheep-days  Regime emissions  kgCO,e kgCO,e ha™ yr
Enteric emissions 21.9 gCH, sheep™ day™' 61.8kgCH, 1544.5
2821 1747.2
Manure emissions 24 gN,0 sheep™ day™' 680.1gN,0 202.7
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Table 8. Emissions comparison between CLM and GLM Regimes/ha/year.

CLM GLM Difference % Reduction using GLM
Push 2781.2 1034 37%
1747.2
Ride 2633.6 886.4 34%
3000 - 2707.4

GLM Emissions Sources
2500 -
N20 from Applied Manure

2000 1747.2 W Enteric CH4

1500 - CLM Emissions Sources

kg CO2e

N20 from Applied Compost
1000 - PP P

W Compost Application

W Compost Management

0 - M Biogenic
CLM GLM

Lawnscape Management System M Lawnmower

Figure 2. Emissions comparison between CLM and GLM regimes/ha/year.

5.4. Sensitivity analysis

5.4.1. Conventional lawnscape management

The results of the sensitivity analysis, presented in Figure 3, show that CLM emissions are much more
sensitive to changes in grass growth than changes in lawnmower fuel consumption. This is because
compost emissions make up 79-83% of total CLM emissions. The analysis also revealed that CLM
emissions are slightly less sensitive to changes in fuel consumption rates when using ride mowers due
to their lower rates of fuel use/ha.

5.4.2. Grazing lawnscape management

The results, presented in Figure 4, reveal GLM emissions are highly sensitive to changes in CH, emissions
and relatively insensitive to changes in N,O emissions. The difference is due to the much greater
contribution of enteric CH, to total GLM GWP compared with N,O emissions resulting from manure.

5.4.3. Sensitivity of CLM and GLM to changes in grass growth

A third and final analysis was performed to compare the sensitivity of CLM and GLM emissions to
changes in grass growth. Analysis was based on the assumption that a marginal increase in grass growth
would have an equal marginal impact on both kgWW/ha under CLM, and the number of sheep-days
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Figure 3. CLM sensitivity to changes in fuel consumption and grass growth.
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under GLM. The results of this analysis, shown in Figure 5, reveal that GLM emissions are slightly more
sensitive to changes in grass growth since all emissions sources are directly affected by changes in
sheep-days, while only some CLM emissions sources are affected by changes in WGW.

Nonetheless, the minor difference in sensitivity between the two management systems indicates
that even in cases where grass growth is much higher than the 10 Mg/ha/year used in this study, GLM
will continue to produce fewer GHG emissions in absolute terms. This is illustrated in Figure 6 using a
100% increase in grass growth/ha/year.

6. Discussion
6.1. Areas for future research

This study is the first to quantitatively show that GLM can reduce GHG emissions and waste generated
through lawnscape management. In order to build on these findings, several areas for future research
are outlined.

First, field testing of GLM relative to in-use CLM regimes is highly recommended. This will enable
researchers to refine the GLM regime developed in this study based on local conditions and desired
management outcomes. Moreover, field testing will allow for the inclusion of transportation emissions
which, depending on the distances travelled under either management system, could be a significant
contributor to their respective carbon footprints.

Second, the aim of this study was to compare CLM and GLM as lawnscape management methods, and
did not consider the potential role for GLM in food production. If sheep were used exclusively for GLM,
then all emissions they produce throughout the year must be attributed to that activity, irrespective
of the growing season. In this study, GLM emissions would effectively double. A more likely scenario
is that GLM would be integrated into the conventional sheep farming system, in which case emissions
produced over the growing season would be shared between the lawnscaping service, and whatever
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products were produced. There are a number of ways emissions can be allocated between co-products
and services (see R66s, Sundberg, & Hansson, 2014), including according to their relative market value.
For example, if the value of sheep products produced over the growing season is equal to the value
of the GLM service provided, then emissions can be split evenly (873.6 kgCO,e each). Determining the
appropriate share of emissions between products and service is beyond the scope of this paper, but
it is clear that any overlap with conventional farming will result in a lower carbon footprint for GLM.

Finally, future research should develop evaluation criteria and use this with land-use data to identify
the amount of land suitable for GLM at a regional or national level in order to estimate carbon savings
opportunities on a larger scale.

6.2. GLM and resource efficiency

The reduction in CO,e that can be achieved through GLM is the result of correcting inefficiencies in
conventional agriculture and landscape management. By using waste, energy and land more efficiently,
GLM s an innovative way for organisations to reduce their GHG emissions and achieve greater resource
efficiency.

6.2.1. Waste efficiency

Although manure and organic landscape waste can both provide valuable soil improving products,
their means of production are often expensive, energy intensive and inefficient. The large volume of
manure resulting from intensive livestock farming releases enormous amounts of GHG emissions due
to anaerobic storage conditions, but also requires huge financial and energy investment to store, treat,
transport and apply (McAllister et al., 2011; Murphy et al., 2013). The same is true for the collection,
processing and redistribution of organic waste as compost (Christensen et al., 2009).

In contrast, GLM manages livestock and landscape waste at the point of production without the
need for large financial and energy inputs. This process not only returns stored N directly to the soil from
which it originates without the need for transportation and treatment, but also adds value to organic
waste by harnessing its stored energy as feedstock. This is particularly important in the light of a growing
human population and greater demand for food (McMichael, Powles, Butler, & Uauy, 2007) since organic
landscape waste can offset the use of cereal crops in livestock farming, estimated at 30-40% of global
production (Janzen, 2011), thereby freeing them up for human consumption.

6.2.2. Energy efficiency

Using the otherwise untapped energy stored in landscape waste to ‘fuel’ the lawnscape management
system, GLM also results in a more efficient and sustainable use of energy. Unlike CLM which depends
on mechanical labour and non-renewable fossil fuels, GLM makes use of animal labour and renewable
trophic energy. This is particularly advantageous given the finite nature of fossil fuel reserves, the rising
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financial costs of extraction, and the diminishing energy return on energy investment in the carbon
energy sector (Janzen, 2011).

6.2.3. Land efficiency

Turning marginal and unproductive lawnscapes into a fruitful part of the local food system, while
preserving their aesthetic and recreational values, means GLM also results in a more efficient use of
land. Today, livestock grazing and feed production accounts for the largest share of human land use
and are a major driver of habitat loss around the world (Janzen, 2011). Moving livestock production
onto lawnscapes through GLM will not only increase the productivity of these areas, but will reduce
demand for new pasturage and free up existing grazing land for alternative uses such as forestry and
biofuel production, activities which in themselves can help reduce GHG emissions and increase carbon
sequestration (Garnett, 2009; Herrero et al., 2011). By shifting livestock production to areas unfit for
other productive uses, a process Garnett calls the‘ecological leftovers approach’ (2009, p. 499), GLM can
eliminate the opportunity costs associated with livestock production on more versatile land.

7. Conclusion

This study is the first of its kind to compare GHG emissions from grazing and CLM. As such, it is difficult to
liken its findings with previous research, particularly as CLM studies tend to exclude compost emissions,
and sheep studies are oriented towards product, rather than service provision. That said, lawnmower
emissions used in this study (521 kgCO,e/ha) are comparable to previous studies (498.8 kgCO,e/ha for
Sahu, 2008; 583.9 kgCO,e/ha for Selhorst & Lal, 2013) when adjusted to a 26-week mowing regime. The
GLM emissions found in this study (1747 kgCO,e/ha) compare with 2446 kgCO,e/ha (adjusted from a
regime of 6305 sheep-days) found by Bell, Eckard & Cullen’s Australian grazing study (2012), though
significant methodological differences (breed, forage, supplementary feed, vehicle use) could explain
this. Nonetheless, the Bell, Eckard & Cullen figure falls below that of CLM.

By replacing lawnmowers and eliminating lawn clipping waste, this study finds sheep grazing can
reduce lawnscape management emissions by 34-37%. Although the calculations in this study are based
on a specific lawnscape management regime, the methodology developed here provides a versatile
blueprint for future emissions comparisons by organisations interested in reducing the carbon footprint
of their lawnscaping activities. While additional research is recommended to verify and strengthen the
findings presented here and develop a more holistic appraisal of GLM, this study nonetheless highlights
the important contribution grazing landscape management can make towards reducing GHG emissions
and improving resource efficiency.

Notes

1. This is the same reason why CO, produced by animal respiration is not considered as part of GLM emissions.

2. Shepherd for Fort Saskatchewan’s (Canada) public park grazing program.

3. The IPCC figure assumes an average live weight of 65 kg. Since Scottish Blackface ewes average 50 kg, enteric
emission in this study could be overestimated.

Disclosure statement

No potential conflict of interest was reported by the author.

References

Allard, V., Soussana, J.-F,, Falcimagne, R., Berbigier, P, Bonnefond, J. M., Ceschia, E., ... Pinarés-Patino, C. (2007). The role of
grazing management for the net biome productivity and greenhouse gas budget (CO,, N,0 and CH,) of semi-natural
grassland. Agriculture, Ecosystems & Environment, 121, 47-58. doi:10.1016/j.agee.2006.12.004


http://dx.doi.org/10.1016/j.agee.2006.12.004

850 M. A. LENAGHAN

Alumai, A., Salminen, S. 0., Richmond, D. S., Cardina, J., & Grewal, P. S. (2009). Comparative evaluation of aesthetic, biological,
and economic effectiveness of different lawn management programs. Urban Ecosystems, 12, 127-144. doi:10.1007/
$11252-008-0073-8

Amlinger, F., Peyr, S., & Cuhls, C. (2008). Green house gas emissions from composting and mechanical biological treatment.
Waste Management & Research, 26, 47-60. doi:10.1177/0734242X07088432

Andersen, J. K., Boldrin, A., Christensen, T., & Scheutz, C. (2010). Greenhouse gas emissions from home composting of
organic household waste. Waste Management, 30, 2475-2482. doi:10.1016/j.wasman.2010.07.004

Andersen, J.K,, Boldrin, A, Samuelsson, J., Christensen, T.H., & Scheutz, C. (2009). Quantification of greenhouse gas emissions
from windrow composting of garden waste. Journal of Environmental Quality, 39, 713-724. doi:10.2134/jeq2009.0329

Bell, M. J., Eckard, R. J., & Cullen, B.R. (2012). The effect of future climate scenarios on the balance between productivity and
greenhouse gas emissions from sheep grazing systems. Livestock Science, 147,126-138.doi:10.1016/j.livsci.2012.04.012

Boldrin, A., Andersen, J. K., Mgller, J., Christensen, T. H., & Favoino, E. (2009). Composting and compost utilization: Accounting
of greenhouse gases and global warming contributions. Waste Management & Research, 27, 800-812. doi:10.1177/07
34242X09345275

Bormann, H., Balmori, D., & Geballe, G. (2001). Redesigning the American lawn: A search for environmental harmony. New
Haven, CT: Yale University Press.

Brunt, L. (2007)."Where there’s muck there’s brass’ the market for manure in the industrial revolution. The Economic History
Review, 60, 333-372. Retrieved from http://ideas.repec.org/p/nuf/esohwp/_035.html

Chalmers, D., & Booze-Daniels, J. (2009). Mowing to recycle grass clippings: Let the clips fall where they may! Virginia
Cooperative Extension, 1-4. Retrieved from https://vtechworks.lib.vt.edu/bitstream/handle/10919/48845/430-402_pdf.
pdf?sequence=1&isAllowed=y

Christensen, T. H., Gentil, E., Boldrin, A, Larsen, A. W., Weidema, B. P, & Hauschild, M. (2009). C balance, carbon dioxide
emissions and global warming potentials in LCA-modelling of waste management systems. Waste Management &
Research, 27,707-715. doi:10.1177/0734242X08096304

Clifford, J. M., & Cooper, C. D. (2012). A 2009 mobile source carbon dioxide emissions inventory for the University of Central
Florida. Journal of the Air & Waste Management Association, 62, 1050-1060. doi:10.1080/10962247.2012.696529

Cunfer, G., &Krausmann, F. (2009). Sustaining soil fertility: Agricultural practice in the old and new worlds. Global Environment,
1-30. Retrieved from https://www.uni-klu.ac.at/socec/downloads/Cunfer_Krausmann_zusammengefuehrt.pdf

Dalemo, M., Sonesson, U., Bjorklund, A., Mingarini, K., Frostell, B., Jonsson,H., ... Thselius, L. (1997). ORWARE-A simulation
model for organic waste handling systems. Part 1: Model description. Resources, Conservation and Recycling, 21,17-37.
doi:10.1016/50921-3449(97)00020-7

De Faccio Carvalho, P. C,, Anghinoni, I, de Moraes, A., de Souza, E. D,, Sulc, R. M., Lang, C. R,, ... Bayer, C. (2010). Managing
grazing animals to achieve nutrient cycling and soil improvement in no-till integrated systems. Nutrient Cycling in
Agroecosystems, 88, 259-273. doi:10.1007/510705-010-9360-x

DEFRA. (n.d.). Appendix 1 - The methodology of the national atmospheric emissions inventory. National atmospheric
emissions inventory. Retrieved August 4, 2014, from http://uk-air.defra.gov.uk/assets/documents/reports/empire/naei/
annreport/annrep96/app1_28.htm

DeKlein, C,,Novoa, R.S., Ogle, S., Smith, K. A, Rochette, P, Wirth, T.C,, ... Williams, S. A. (2006). N,O emissions from managed
soils, and CO, emissions from lime and urea application. In S. Eggleston, L. Buendia, K. Miwa, T. Ngara, & K. Tanabe (Eds.),
IPCC guidelines for national greenhouse gas inventories (pp. 11.1-11.54). Hayama. Retrieved from http://www.ipcc-nggip.
iges.or.jp/public/2006gl/pdf/4_Volume4/V4_11_Ch11_N,08&CO,.pdf

Dong, H., Mangino, J., McAllister, T., Hatfield, J., Johnson, D., Lassey, K., & Aparecida, M. (2006). Emissions from livestock
and manure management. In S. Eggleston, L. Buendia, K. Miwa, T. Ngara, & K. Tanabe (Eds.), IPCC guidelines for
national greenhouse gas inventories (pp. 10.1-10.87). Hayama: IPCC. Retrieved from http://www.ipcc-nggip.iges.or.jp/
public/2006gl/pdf/4_Volume4/V4_10_Ch10_Livestock.pdf

Eckard, R. J., Grainger, C., & de Klein, C. A. M. (2010). Options for the abatement of methane and nitrous oxide from ruminant
production: A review. Livestock Science, 130, 47-56. doi:10.1016/j.livsci.2010.02.010

Ermolaey, E.,, Sundberg, C., Pell, M., & Jonsson, H. (2014). Greenhouse gas emissions from home composting in practice.
Bioresource Technology, 151, 174-182. doi:10.1016/j.biortech.2013.10.049

Food and Agriculture Organization. (2006). Livestock’s long shadow: Environmental issues and options. Rome: Author.
Retrieved from http://www.globalmethane.org/expo-docs/china07/postexpo/ag_gerber.pdf

Fisher, K. (2006). Impact of energy from waste and recycling policy on UK greenhouse gas emissions
- Final report  (pp. 1-87). Oxford. Retrieved from  http://sciencesearch.defra.gov.uk/Default.
aspx?Menu=Menu&Module=More&Location=None&Completed=0&ProjectID=15256

Forestry Commission Scotland. (2014). How to calculate the forage intake of livestock and wild herbivores. Grazing
Management. Retrieved July 30, 2014, from http://scotland.forestry.gov.uk/woodland-grazing-toolbox/grazing-
management/grazing-regime/season/forage-intake

Forster, P, Ramaswamy, V., Artaxo, T., Berntsen, R., Betts, R., Fahey, D,, ... Van Dorland, R. (2007). Changes in atmospheric
constituents and in radiative forcing. In Climate change 2007: The physical science basis. Contribution of working group
I to the fourth assessment report of the intergovernmental panel on climate change (pp. 129-234). IPCC. Retrieved from
https://www.ipcc.ch/pdf/assessment-report/ar4/wg1/ar4-wg1-chapter2.pdf


http://dx.doi.org/10.1007/s11252-008-0073-8
http://dx.doi.org/10.1007/s11252-008-0073-8
http://dx.doi.org/10.1177/0734242X07088432
http://dx.doi.org/10.1016/j.wasman.2010.07.004
http://dx.doi.org/10.2134/jeq2009.0329
http://dx.doi.org/10.1016/j.livsci.2012.04.012
http://dx.doi.org/10.1177/0734242X09345275
http://dx.doi.org/10.1177/0734242X09345275
http://ideas.repec.org/p/nuf/esohwp/_035.html
https://vtechworks.lib.vt.edu/bitstream/handle/10919/48845/430-402_pdf.pdf?sequence=1&isAllowed=y
https://vtechworks.lib.vt.edu/bitstream/handle/10919/48845/430-402_pdf.pdf?sequence=1&isAllowed=y
http://dx.doi.org/10.1177/0734242X08096304
http://dx.doi.org/10.1080/10962247.2012.696529
https://www.uni-klu.ac.at/socec/downloads/Cunfer_Krausmann_zusammengefuehrt.pdf
http://dx.doi.org/10.1016/S0921-3449(97)00020-7
http://dx.doi.org/10.1007/s10705-010-9360-x
http://uk-air.defra.gov.uk/assets/documents/reports/empire/naei/annreport/annrep96/app1_28.htm
http://uk-air.defra.gov.uk/assets/documents/reports/empire/naei/annreport/annrep96/app1_28.htm
http://www.ipcc-nggip.iges.or.jp/public/2006gl/pdf/4_Volume4/V4_11_Ch11_N2O&CO2.pdf
http://www.ipcc-nggip.iges.or.jp/public/2006gl/pdf/4_Volume4/V4_11_Ch11_N2O&CO2.pdf
http://www.ipcc-nggip.iges.or.jp/public/2006gl/pdf/4_Volume4/V4_10_Ch10_Livestock.pdf
http://www.ipcc-nggip.iges.or.jp/public/2006gl/pdf/4_Volume4/V4_10_Ch10_Livestock.pdf
http://dx.doi.org/10.1016/j.livsci.2010.02.010
http://dx.doi.org/10.1016/j.biortech.2013.10.049
http://www.globalmethane.org/expo-docs/china07/postexpo/ag_gerber.pdf
http://sciencesearch.defra.gov.uk/Default.aspx?Menu=Menu&Module=More&Location=None&Completed=0&ProjectID=15256
http://sciencesearch.defra.gov.uk/Default.aspx?Menu=Menu&Module=More&Location=None&Completed=0&ProjectID=15256
http://scotland.forestry.gov.uk/woodland-grazing-toolbox/grazing-management/grazing-regime/season/forage-intake
http://scotland.forestry.gov.uk/woodland-grazing-toolbox/grazing-management/grazing-regime/season/forage-intake
https://www.ipcc.ch/pdf/assessment-report/ar4/wg1/ar4-wg1-chapter2.pdf

LANDSCAPE RESEARCH 851

Fruergaard, T., Astrup, T., & Ekvall, T. (2009). Energy use and recovery in waste management and implications for accounting
of greenhouse gases and global warming contributions. Waste Management & Research, 27, 724-737. doi:10.1177/07
34242X09345276

Gabele, P. (1997). Exhaust emissions from four-stroke lawn mower engines. Journal of the Air & Waste Management
Association, 47, 945-952. doi:10.1080/10473289.1997.10463951

Garnett, T. (2009). Livestock-related greenhouse gas emissions: Impacts and options for policy makers. Environmental
Science & Policy, 12,491-503. doi:10.1016/j.envsci.2009.01.006

Gerber, PJ., Hristov, A. N., Henderson, B., Makkar, H., Oh, J., Lee, C,, ... Oosting, S. (2013). Technical options for the
mitigation of direct methane and nitrous oxide emissions from livestock: A review. Animal, 7, 220-234. doi:10.1017/
S$1751731113000876

Hadjigeorgiou, I., Osoro, K., Fragoso de Almeida, J. P, & Molle, G. (2005). Southern European grazing lands: Production,
environmental and landscape management aspects. Livestock Production Science, 96, 51-59. doi:10.1016/j.
livprodsci.2005.05.016

Hare, C., Springer, K., Oliver, W., & Houtman, W. (1973). Small engine emissions and their impacts. Society of Automotive
Engineers Technichal Paper, (730859), 1-28. d0i:10.4271/730859

Heckman, J,, Liu, H., Hill, W., DeMilia, M., & Anastasia, W. (2000). Kentucky bluegrass responses to mowing practice and
nitrogen fertility management. Journal of Sustainable Agriculture, 15, 25-33. doi:10.1300/J064v15n04

Hellebrand, H. (1998). Emission of nitrous oxide and other trace gases during composting of grass and green waste.
Journal of Agricultural Engineering Research, 69, 365-375. Retrieved from http://www.sciencedirect.com/science/article/
pii/S0021863497902572

Herrero, M., Gerber, P, Vellinga, T., Garnett, T., Leip, A, Opio, C., & ... McAllister, T. (2011). Livestock and greenhouse gas
emissions: The importance of getting the numbers right. Animal Feed Science and Technology, 166,779-782.doi:10.1016/j.
anifeedsci.2011.04.083

Holehouse, M. (2013, November 6). Replace lawnmowers with sheep and 200 other ways to cut your council tax - Backed
by Eric Pickles. The Telegraph. Retrieved from http://www.telegraph.co.uk/news/politics/council-spending/10428241/
Replace-lawnmowers-with-sheep-and-200-other-ways-to-cut-your-council-tax-backed-by-Eric-Pickles.html

Janzen, H. H. (2011). What place for livestock on a re-greening earth? Animal Feed Science and Technology, 166, 783-796.
doi:10.1016/j.anifeedsci.2011.04.055

Kim, M. (2014, July 25). Are sheep better lawn mowers than goats? Modern Farmer. Retrieved from http://modernfarmer.
com/2014/07/sheep-better-lawn-mowers-goats/

Lafond, J. A, Lalancette, R., Brodeur, J., Allaire, S. E., & Dufour-LArrivée, C. (2008). Carbon dioxide emissions by urban turfgrass
areas. Canadian Journal of Soil Science, 88, 529-532. doi:10.4141/CJSS07043

Maestas, R., Alexandrou, A., Bushoven, J.T., Goorahoo, D., & Adhikari, D. (2012). Energy inputs and carbon dioxide emissions
from turf maintenance equipment on a golf course in California. Agricultural Engineering International, 14, 51-56.

Mavima, T. (2011). Costs and benefits of reducing livestock related greenhouse gas emissions for extensive sheep farms in Great
Britain (Unpublished master’s thesis). Edinburgh: Scotland’s Rural College (SRUC).

McAllister, T., Beauchemin, K., McGinn, S., Hao, X., & Robinson, P. H. (2011). Greenhouse gases in animal agriculture —
Finding a balance between food production and emissions. Animal Feed Science and Technology, 166, 1-6. doi:10.1016/j.
anifeedsci.2011.04.057

McMichael, A.J., Powles, J.W., Butler, C. D., & Uauy, R. (2007). Food, livestock production, energy, climate change, and health.
The Lancet, 370, 1253-1263. doi:10.1016/50140-6736(07)61256-2

Milesi, C., Running, S. W., Elvidge, C. D., Dietz, J. B, Tuttle, B. T., & Nemani, R. R. (2005). Mapping and modeling the
biogeochemical cycling of turf grasses in the United States. Environmental Management, 36, 426-438. doi:10.1007/
5s00267-004-0316-2

Mowerpro. (2010). Lawn mower advice and essential information. Retrieved July 8, 2014, from http://www.mowerpro.co.uk/
info/lawn-mower-advice

Mulching Magic. (2010). Eco friendly lawns. Retrieved July 8, 2014, from http://www.mulching.co.uk/advices/eco-friendly

Murphy, P, Crosson, P, O'Brien, D., & Schulte, R. P. O. (2013). The carbon navigator: A decision support tool to reduce
greenhouse gas emissions from livestock production systems. Animal, 7, 427-436. doi:10.1017/51751731113000906

O’Mara, F.P.(2011). The significance of livestock as a contributor to global greenhouse gas emissions today and in the near
future. Animal Feed Science and Technology, 166-167,7-15. doi:10.1016/j.anifeedsci.2011.04.074

Paris hires munching sheep as eco lawn mowers. (2013, April 7). France24. Paris. Retrieved from http://www.france24.com/
en/20130407-paris-hires-munching-sheep-france-lawnmowers-environment/

Pelchen, A., & Peters, K. J. (1998). Methane emissions from sheep. Small Ruminant Research, 27, 137-150. doi:10.1016/
S0921-4488(97)00031-X

Pipatti, R., Alves, J., Gao, Q.,, Lopez Cabera, C., Mareckova, K., Oonk, H., ... Yamada, M. (2006). Biological treatment of solid
waste. In S. Eggleston, L. Buendia, K. Miwa, T. Ngara, & K. Tanabe (Eds.), IPCC guidelines for national greenhouse gas
inventories (pp. 4.1-4.8). Hayama: IPCC. Retrieved from http://www.ipcc-nggip.iges.or.jp/public/2006gl/pdf/5_Volume5/
V5_4_Ch4_Bio_Treat.pdf

Playdon, K. (2014). Personal Interview. July 16, 2014


http://dx.doi.org/10.1177/0734242X09345276
http://dx.doi.org/10.1177/0734242X09345276
http://dx.doi.org/10.1080/10473289.1997.10463951
http://dx.doi.org/10.1016/j.envsci.2009.01.006
http://dx.doi.org/10.1017/S1751731113000876
http://dx.doi.org/10.1017/S1751731113000876
http://dx.doi.org/10.1016/j.livprodsci.2005.05.016
http://dx.doi.org/10.1016/j.livprodsci.2005.05.016
http://dx.doi.org/10.4271/730859
http://dx.doi.org/10.1300/J064v15n04
http://www.sciencedirect.com/science/article/pii/S0021863497902572
http://www.sciencedirect.com/science/article/pii/S0021863497902572
http://dx.doi.org/10.1016/j.anifeedsci.2011.04.083
http://dx.doi.org/10.1016/j.anifeedsci.2011.04.083
http://www.telegraph.co.uk/news/politics/council-spending/10428241/Replace-lawnmowers-with-sheep-and-200-other-ways-to-cut-your-council-tax-backed-by-Eric-Pickles.html
http://www.telegraph.co.uk/news/politics/council-spending/10428241/Replace-lawnmowers-with-sheep-and-200-other-ways-to-cut-your-council-tax-backed-by-Eric-Pickles.html
http://dx.doi.org/10.1016/j.anifeedsci.2011.04.055
http://modernfarmer.com/2014/07/sheep-better-lawn-mowers-goats/
http://modernfarmer.com/2014/07/sheep-better-lawn-mowers-goats/
http://dx.doi.org/10.4141/CJSS07043
http://dx.doi.org/10.1016/j.anifeedsci.2011.04.057
http://dx.doi.org/10.1016/j.anifeedsci.2011.04.057
http://dx.doi.org/10.1016/S0140-6736(07)61256-2
http://dx.doi.org/10.1007/s00267-004-0316-2
http://dx.doi.org/10.1007/s00267-004-0316-2
http://www.mowerpro.co.uk/info/lawn-mower-advice
http://www.mowerpro.co.uk/info/lawn-mower-advice
http://www.mulching.co.uk/advices/eco-friendly
http://dx.doi.org/10.1017/S1751731113000906
http://dx.doi.org/10.1016/j.anifeedsci.2011.04.074
http://www.france24.com/en/20130407-paris-hires-munching-sheep-france-lawnmowers-environment/
http://www.france24.com/en/20130407-paris-hires-munching-sheep-france-lawnmowers-environment/
http://dx.doi.org/10.1016/S0921-4488(97)00031-X
http://dx.doi.org/10.1016/S0921-4488(97)00031-X
http://www.ipcc-nggip.iges.or.jp/public/2006gl/pdf/5_Volume5/V5_4_Ch4_Bio_Treat.pdf
http://www.ipcc-nggip.iges.or.jp/public/2006gl/pdf/5_Volume5/V5_4_Ch4_Bio_Treat.pdf

852 (&) M.A.LENAGHAN

Priest, M. W., Williams, D. J., & Bridgman, H. A. (2000). Emissions from in-use lawn-mowers in Australia. Atmospheric
Environment, 34, 657-664. doi:10.1016/51352-2310(99)00192-2

Redding Municipal Utilities. (2004).’Compost at home'and ‘What is grasscycling?’ Solid Waste. Retrieved July 8, 2014, from
http://www.ci.redding.ca.us/solwaste/CompostingandGrasscycling.cfm

R60s, E., Sundberg, C., & Hansson, P. (2014). Carbon footprint of food products. In S. Muthu (Ed.), Assessment of carbon
footprint in different industrial sectors (Vol. 1, pp. 85-112). New York, NY: EcoProduction.

Sahu, R. (2008). Technical assessment of the carbon sequestration potential of managed turfgrass in the United States (pp.
1-19). Retrieved from http://www.synturf.org/images/FullCarbonReport.pdf

Savian, J. V., Neto, A. B., de David, D. B., Bremm, C,, Schons, R. M. T., Genro, T. C. M,, ... de Faccio Carvalho, P. C. (2014).
Grazing intensity and stocking methods on animal production and methane emission by grazing sheep: Implications for
integrated crop-livestock system. Agriculture, Ecosystems & Environment, 190, 112-119.doi:10.1016/j.agee.2014.02.008

Scottish Natural Heritage. (2006). Holyrood Park Grassland Management Plan (pp. 1-19). Unpublished.

Sejian, V., Lal, R, Lakritz, J., & Ezeji, T. (2011). Measurement and prediction of enteric methane emission. International Journal
of Biometeorology, 55, 1-16. doi:10.1007/s00484-010-0356-7

Selhorst, A., & Lal, R. (2013). Net carbon sequestration potential and emissions in home lawn turfgrasses of the United
States. Environmental Management, 51, 198-208. doi:10.1007/500267-012-9967-6

Shi, Y, Dy, Y, Yang, G, Tang, Y., Fan, L., Zhang, J,, ... Chang, J. (2013). The use of green waste from tourist attractions
for renewable energy production: The potential and policy implications. Energy Policy, 62, 410-418. doi:10.1016/j.
enpol.2013.07.126

Shi, Y., Ge, Y., Chang, J., Shao, H., & Tang, Y. (2013). Garden waste biomass for renewable and sustainable energy production
in China: Potential, challenges and development. Renewable and Sustainable Energy Reviews, 22,432-437.doi:10.1016/j.
rser.2013.02.003

Sivaraman, D., & Lindner, A. S. (2004). A comparative life cycle analysis of gasoline-, battery-, and electricity-powered lawn
mowers. Environmental Engineering Science, 21, 768-785. doi:10.1089/ees.2004.21.768

Springer, T. L. (2012). Biomass yield from an urban landscape. Biomass and Bioenergy, 37, 82-87. doi:10.1016/j.
biombioe.2011.12.029

Strohbach, M.W., Arnold, E., & Haase, D. (2012). The carbon footprint of urban green space - A life cycle approach. Landscape
and Urban Planning, 104,220-229. doi:10.1016/j.landurbplan.2011.10.013

Sun, X.Z.,Waghorn, G. C., Hoskin, S. O., Harrison, S. J., Muetzel, S., & Pacheco, D. (2012). Methane emissions from sheep fed
fresh brassicas (Brassica spp.) compared to perennial ryegrass (Lolium perenne). Animal Feed Science and Technology,
176,107-116. doi:10.1016/j.anifeedsci.2012.07.013

Tomlinson, S. (2012, February 27). That's one way to mow the lawns! Farmer allows his “urban” sheep to graze among flats
and houses. Daily Mail. Matson. Retrieved from http://www.dailymail.co.uk/news/article-2107346/That-s-way-mow-
lawns-Farmer-allows-urban-sheep-graze-flats-houses.html

Townsend-Small, A., & Czimczik, C. 1. (2010a). Carbon sequestration and greenhouse gas emissions in urban turf. Geophysical
Research Letters, 37, 1-5. doi:10.1029/2009GL041675

Townsend-Small, A., & Czimczik, C. . (2010b). Correction to “carbon sequestration and greenhouse gas emissions in urban
turf”. Geophysical Research Letters, 37, 1-2. doi:10.1029/2010GL042735

Triolo, J. M., Pedersen, L., Qu, H., & Sommer, S. G. (2012). Biochemical methane potential and anaerobic biodegradability of
non-herbaceous and herbaceous phytomass in biogas production. Bioresource Technology, 125,226-232.doi:10.1016/j.
biortech.2012.08.079

Wang, W., Haver, D., & Pataki, D. E. (2013). Nitrogen budgets of urban lawns under three different management regimes in
southern California. Biogeochemistry, 121,127-148. doi:10.1007/510533-013-9942-1

White, J., Carroll, J., Hare, C,, & Lourenco, J. (1991). Emission factors for small utility engines. Society of Automotive Engineers
Technical Paper, (910560), 1-24. doi:10.4271/910560

Winther, M., Samaras, Z., Zierock, K. H., & Lambrecht, U. (2010). Non-road mobile sources and machinery (land-based
emissions). In European Environment Agency (Ed.), Emission inventory guidebook (pp. 1-72). Retrieved from http://
www.eea.europa.eu/

Zhang, M., Malhi, S.S., Panasuik, R., & Henriquez, B. (2010). Response of turfgrass growth in a black chernozemic soil amended
with municipal solid/biosolid waste compost. Journal of Plant Nutrition, 34,183-205. doi:10.1080/01904167.2011.533321

Zinger, D., & Hecker, L. (1979). Gaseous emissions from unregulated mobile sources. Journal of the Air Pollution Control
Association, 29, 526-531.

Zirkle, G., & Augustin, B. (2011). Modeling carbon sequestration in home lawns. HortScience, 46, 808-814.


http://dx.doi.org/10.1016/S1352-2310(99)00192-2
http://www.ci.redding.ca.us/solwaste/CompostingandGrasscycling.cfm
http://www.synturf.org/images/FullCarbonReport.pdf
http://dx.doi.org/10.1016/j.agee.2014.02.008
http://dx.doi.org/10.1007/s00484-010-0356-7
http://dx.doi.org/10.1007/s00267-012-9967-6
http://dx.doi.org/10.1016/j.enpol.2013.07.126
http://dx.doi.org/10.1016/j.enpol.2013.07.126
http://dx.doi.org/10.1016/j.rser.2013.02.003
http://dx.doi.org/10.1016/j.rser.2013.02.003
http://dx.doi.org/10.1089/ees.2004.21.768
http://dx.doi.org/10.1016/j.biombioe.2011.12.029
http://dx.doi.org/10.1016/j.biombioe.2011.12.029
http://dx.doi.org/10.1016/j.landurbplan.2011.10.013
http://dx.doi.org/10.1016/j.anifeedsci.2012.07.013
http://www.dailymail.co.uk/news/article-2107346/That-s-way-mow-lawns-Farmer-allows-urban-sheep-graze-flats-houses.html
http://www.dailymail.co.uk/news/article-2107346/That-s-way-mow-lawns-Farmer-allows-urban-sheep-graze-flats-houses.html
http://dx.doi.org/10.1029/2009GL041675
http://dx.doi.org/10.1029/2010GL042735
http://dx.doi.org/10.1016/j.biortech.2012.08.079
http://dx.doi.org/10.1016/j.biortech.2012.08.079
http://dx.doi.org/10.1007/s10533-013-9942-1
http://dx.doi.org/10.4271/910560
http://www.eea.europa.eu/
http://www.eea.europa.eu/
http://dx.doi.org/10.1080/01904167.2011.533321

	Abstract
	1. Introduction
	2. Overview of conventional lawnscape management
	2.1. Lawnmower emissions
	2.2. Compost emissions
	2.2.1. Biogenic compost emissions
	2.2.2. Compost management emissions
	2.2.3. Emissions from compost use

	2.3. Carbon sequestration in turfgrass

	3. Overview of grazing lawnscape management
	3.1. Enteric fermentation and the production of CH4
	3.2. Manure emissions
	3.2.1. Pasture, range and paddock manure management


	4. Methodology and assumptions
	4.1. Estimating CLM emissions
	4.1.1. Mowing emissions
	4.1.2. Compost production emissions
	4.1.3. Compost use emissions

	4.2. Estimating GLM emissions
	4.2.1. Developing a grazing regime
	4.2.2. Grazing emissions


	5. Results
	5.1. CLM emissions profile
	5.1.1. Lawnmower emissions
	5.1.2. Compost emissions
	5.1.3. Total CLM emissions

	5.2. GLM emissions profile
	5.3. Comparing emissions from CLM and GLM regimes
	5.4. Sensitivity analysis
	5.4.1. Conventional lawnscape management
	5.4.2. Grazing lawnscape management
	5.4.3. Sensitivity of CLM and GLM to changes in grass growth


	6. Discussion
	6.1. Areas for future research
	6.2. GLM and resource efficiency
	6.2.1. Waste efficiency
	6.2.2. Energy efficiency
	6.2.3. Land efficiency


	7. Conclusion
	Notes
	Disclosure statement
	References



