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Executive Summary 

British Columbia’s guidance documents for community energy and greenhouse gas emissions 

from agriculture allows only inclusion of enteric fermentation (CH4 from a ruminant stomach) in 

the inventories at this time. Communities may be able to include methane from manure and 

nitrous oxide from manure and soil in 2015. It is important to understand methane and nitrous 

oxide production and emission from animal agriculture.  

Nitrous oxide contributes almost 2/3 of the greenhouse gases from animal agriculture. The 

greatest source of greenhouse gases in animal agriculture is indirect nitrous oxide emission 

resulting from ammonia emission from dairy and poultry barns. Based on estimates of 

greenhouse gas emissions from animal agriculture, dairy and poultry manure storage 

contribute less than 6.5% of the total greenhouse gas emissions from agriculture in Abbotsford. 

 

Anaerobic digestion in the absence of nutrient recovery technology, or mandatory nutrient 

management planning will not reduce agricultural methane emissions, will not reduce ammonia 

emission, and will likely increase nitrous oxide emission. Anaerobic digestion may be part of an 

important strategy to reduce the public risk associated with the increasing concern regarding 

antimicrobial resistance.  

Our agricultural waste policies must include greenhouse gas emissions, but must also consider 

other potential environmental concerns such as ammonia emission, surface and ground water 

quality, and development of anti-microbial resistance.  

  GHG Emissions from Agriculture in Abbotsford 2011 - Baseline Scenario

Methane Nitrous Oxide Ammonia N2O from Ammonia Total

t CH4/yr t N2O/yr t N/yr t N2O/yr CO2 equivalent

 Dairy Cattle & Housing 2459 0 456 14.3 55,881

 Poultry Housing 0 0 1862 58.5 17,322

 Dairy Manure Storage 394 0 182 5.7 9,967

 Poultry Manure Storage 81 0 ND 0 1,701

 Manure and Fertilizer Application 303 655 20.6 6,093

 Total 2,934 303 3,155 99.2

 CO2 Equivalent 61,614 89,688 29,351 180,653

  CO2 Equivalents = CH4*21, N2O*296

  N2O from Ammonia = 2% of NH3-N emitted

  ammonia emission during poultry litter storage not determined
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Abbotsford’s Greenhouse Gas Emissions from Animal 

Agriculture 

1.0 Introduction 

This document is a summary of the science of methane and nitrous oxide production and 

emissions from animal agriculture, with a specific focus on our own community of Abbotsford.  

This document also provides the science background required for developing sustainable 

agricultural waste policies that reduce greenhouse gases, that improve air quality, and that 

improve surface and groundwater quality. How do we improve our manure management to 

protect environmental and human health? Anaerobic digestion may be one important tool used 

to achieve this, but we need to understand the context and provide additional required 

legislation and enforcement to achieve our goals of sustainable agricultural waste 

management. 

This document is intended only to provide an estimate and an overview of nitrous oxide and 

methane emissions. It is not intended to be used for defining specific greenhouse gas reduction 

targets. It also is not intended to represent a complete picture of greenhouse gas emissions 

from agriculture in Abbotsford. It does draw attention to where additional review and work 

may have to be done in order to make good agricultural policy decisions for our community of 

Abbotsford. 

1.1 Greenhouse Gas Emissions and Agriculture 

1.1.1 Global Greenhouse Emissions from Agriculture 

Agriculture accounts for 10-12% of the total global emissions of greenhouse gases (Smith et al. 

2007).  Agriculture accounts for about 60% of the world nitrous oxide emissions, and 50% of the 

methane emissions. Worldwide, nitrous oxide and methane emissions from 

agriculture increased 17% from 1990 to 2005. In North America, the main contributor 

to increasing emissions is management of manure from cattle, poultry and swine production, 

and manure application to soils. 

Worldwide agricultural N2O emissions were projected to increase by 35-60% to 2030 due to 

increased nitrogen fertilizer use, and increased animal manure production (FAO 2003). 

Methane emissions are expected to increase by 60% due to increases in livestock numbers. 

The best options to reduce GHG emissions from agriculture include improved crop 

management, including nutrient use (Smith et al. 2007). Smith et al. (2007) also noted that: 



Greenhouse Gas Emissions from Animal Agriculture in Abbotsford May 22, 2015 Page 6 
 

"Agricultural mitigation measures often have synergy with sustainable development policies, 

and many explicitly influence social, economic, and environmental aspects of sustainability." 

"Improving N use efficiency can reduce nitrous oxide emissions and indirectly reduce GHG 

emissions from N fertilizer manufacture. By reducing leaching and volatile losses, improved 

efficiency of N use can also reduce off-site nitrous oxide emissions." 

Nitrous oxide emission from soil and methane emission from enteric fermentation (emissions 

from ruminant's stomachs) represent 70% (38% for nitrous oxide and 32% for methane) of the 

non CO2 emissions from agriculture (US EPA 2006). Manure management accounts for 7% of 

the total nitrous oxide and methane emissions from agriculture. 

Gattinger et al. (2011) reported that that nutrient management (optimizing fertilizer and 

manure application to crop needs, including timing and method of application) would reduce 

nitrous oxide emissions from soils by 30 to 75%, and is the strategy that provides the greatest 

opportunity to reduce agricultural GHG emissions. 

 

1.1.2 World Livestock Production is a Significant Contributor to GHG Emissions 

Using a Life Cycle Assessment (LCA) approach, FAO (2013) estimated that GHG emissions from 

the livestock sector worldwide represents 14.5% of human-induced GHG emissions, of which 

beef production, milk production, pork production, and poultry production contribute 41%, 

20%, 9% and 8%, respectively (FAO 2013). These calculations included CO2 emissions from 

transportation and storage (approximately 20% of total emissions), which was not included in 

the Smith et al. (2007) calculations. Food production and processing represented 45%, 

and enteric fermentation from ruminants represented 39%, whereas manure storage and 

processing represent 10% (4.3% from methane and 5.2% from nitrous oxide). 

 

1.1.3 Canada's Agricultural GHG Emissions 

In 2002, agriculture related GHG emissions contributed 8% of the total national emissions in 

Canada, and accounted for 65% of Canada's emissions of nitrous oxide and 26% of the methane 

emissions (Kebreab et al. 2006).  They further noted that domestic animals contribute 32% of 

Canadian agricultural emissions (primarily CH4 from the stomachs of ruminant animals), 17% 

from manure management, and 50% from soils (which is mostly nitrous oxide), and concluded 

that animal agriculture contributes more than 50% of the agricultural greenhouse gas emissions 

in Canada. Because more than 50% of agriculture's contribution to greenhouse gas emissions is 

nitrous oxide from soils, Agriculture and Agri-Food Climate Change Table (2000) identified farm 

nutrient management plans as a mechanism for optimizing nitrogen applications and a strategy 

to reduce N2O emissions. Using a LCA approach for the dairy industry in eastern Canada, 
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McGeough et al. (2012) estimated that methane from the rumen accounted for 48% of the GHG 

emissions, methane from manure was 8%, and nitrous oxide from soils was 40%.  Using a farm 

management model, Biocap (2006) estimated that a 10% reduction in manure application rate 

resulted in a 28% greater GHG emission reduction. 

 

1.1.4 GHG Emissions from Agriculture in the Fraser Valley 

Greenhouse gas emissions from agriculture in the Fraser Valley were calculated for the year 

2000 (Levelton 2005). It was estimated that 31% of agricultural GHG came from cattle (all 

methane emissions), 27% from manure (approximately 80% methane, 14% from fertilizer 

application- all nitrous oxide), and 25% from engines used in agricultural production (as carbon 

dioxide).  Of the total methane emissions, 61% were from livestock and 38% were from animal 

manure. Of the total nitrous oxide emissions, 29% was from manure, 59% from fertilizers 

applied to soil, and 12% from non-road engines. They reported that 60% of manure related 

GHG emission came from poultry manure management (2/3 of that being methane, 1/3 nitrous 

oxide, and 31% from cattle manure management - 98% of this being methane).  They also 

reported 10,000 tonnes of ammonia emission, of which 68% originated from the poultry 

industry. Ammonia emission is a concern as it also contributes to nitrous oxide emissions when 

the ammonia is emitted to the air and is deposited on the soil or water. 

 

1.1.5 Agricultural Methane Emissions from Abbotsford 

The City of Abbotsford reported agricultural methane emission of 107,700 tonnes of CO2 

equivalent per year, which includes both enteric fermentation and methane emission from 

manure.  Although the calculations on how this emission was calculated was not available, the 

total amount of methane emitted from all manure in Abbotsford is 42,000 tonnes of CO2 

equivalent, using similar assumptions as Levelton (2005).  

 

 

Figure 1. Agricultural methane emission calculations from Abbotsford, based on the assumptions used by Levelton (2005) 

Agricultural Methane Emission from Abbotsford % of total tonnes CO2 equivalent/year

Enteric methane emission from cattle 61% 65,697

Methane emission from cattle manure 16% 17,447

Methane emission from poultry and other manures 22.8% 24,556

100% 107,700
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2.0 How Much Methane is Produced from Agriculture in Abbotsford? 

This section will explore the science of methane production from agriculture in Abbotsford, 

including enteric methane emission, and methane emission from manure storages. A 

considerable amount of literature review is included in providing the estimates for methane 

emission from manure storage.  

The estimates show that dairy cattle in Abbotsford emitted an estimated 2459 tonnes of 

methane per year, or 51,639 tonnes of CO2 equivalent, using the IPCC methane conversion 

factor of 21 tonnes CO2 equivalent per tonne of CH4 produced.  

The current estimates of methane emission from manure are likely based on a lower methane 

emission factor than was used in the City of Abbotsford’s estimates, which result in a higher 

relative emission of methane from manure.  In contrast to the methane emitted from the dairy 

cattle themselves, the estimated methane emission from dairy cattle manure storage is 394 

tonnes of CH4 or 8278 tonnes of CO2 equivalent.    

 

2.1 Methane Emission from Dairy Cattle 

Dairy cattle in Abbotsford emitted an estimated 2459 tonnes of methane per year, almost 

seven times more than the methane coming from manure. 

 

Figure 2. Methane emission from dairy cattle in Abbotsford (enteric fermentation) 

Methane emission from ruminant animals (including beef and dairy cattle) has been commonly 

known. The greenhouse gas implications of methane emission from cattle are relatively recent. 

The “burp” emits approximately 87% of the methane produced in the rumen, compared with 

13% emitted as flatulence from the small intestine (Murray et al. 1976). Feed additives were 

developed to increase weight gain in cattle by reducing methane production already some 30 

years ago. Some of these feed additives are now being promoted to reduce GHG emission from 

dairy and beef cattle in Canada (Boadi et al., 2004, Kebreab et al. 2006, Beauchemin and 
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McGinn 2010). Beauchemin and McGinn (2010) suggested that methane emission from cattle 

could be reduced by up to 20% through diet and animal breeding. 

“About 3 to 12% of the energy consumed by ruminants (cattle and sheep) is converted to 

methane in the rumen (referred to as enteric methane) and released into the atmosphere. 

Adopting feeding strategies that will minimize the amount of energy, lost as methane, can 

improve feed conversion efficiency, improve animal productivity, and is good for the 

environment.” 

Most methane (CH4) that is emitted from livestock originates in the forestomach, also called 

the rumen, of ruminants (cattle and sheep). This source of methane is called enteric CH4. Only 

about 10% of the total CH4 from ruminants in Canada is from manure.”  (Beauchemin and 

McGinn 2010). 

Already in 1986, the contribution of global methane production from domestic animals and 

humans was estimated at 74 Tg per year, with 74% originating from cattle (Crutzen et al. 1986). 

A research study in Canada that drew attention to CH4 emissions from dairy cattle was Jackson 

et al, (1993) where they measured an average CH4 emission of 542 L of methane per cow per 

day from a dairy barn.  A review of the literature in that report indicated a wide variation in CH4 

emissions from dairy cattle (96 to 615 L/cow/day), and agreed that variations in CH4 emissions 

from dairy cattle could be explained by differences in diet, milk yield and metabolic live weight. 

Aquerre et al. (2011) measured CH4 emissions of 538 to 648 L per lactating dairy cow per day 

(average weight 550 kg), where the higher CH4 emissions corresponded with higher forage: 

concentrate ratio. 

Globally, Sevenster and de Jong (2008) reported that enteric CH4 emission (from ruminants 

such as cattle) was 26% of anthropogenic CH4 emission, compared to manure handling at 3%. 

The contribution of dairy cattle manure CH4 emissions was up to 18% (FAO 2006). They 

reported that Canadian dairy cattle were the highest emitter of CH4 per dairy cow at 

approximately 135 kg CH4 per cow, compared with less than 80 kg per cow in New Zealand. In 

Europe, CH4 emission factors used to estimate GHG emissions from dairy cattle range from 80 

kg CH4 per cow in countries with more extensive dairy production to 130 kg CH4 per cow in 

countries with intensive dairy production (JRC European Commission 2010). This review 

reported that actual CH4 emissions may actually be as high as 180 kg CH4 per cow per year 

based on latest scientific findings and agreed IPCC methodologies. The US estimates 134.8 kg 

CH4 per cow per year based on Environment Canada information (US EPA 2001). Sun et al. 

(2008) estimated 105 and 160 kg CH4 per cow per year from dry and lactating dairy 

cattle.  Lindgren (1980) estimated that enteric methane emissions from dairy cattle increased 

from 123 kg CH4 per cow per year for cows giving 6000 kg of milk per year, and 136 kg CH4 per 

cow per year from cows giving 12,000 kg per cow per year. Kirchgessner et al. (1993) estimated 
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that enteric CH4 production was 100 kg CH4 per cow per year at 6000 kg milk production and 

127 kg CH4 per cow per year at 12,000 kg milk production. Using IPCC Tier 2 guidelines, 

(Sonesson et al. (2009) estimated 109 kg CH4 per cow per year at 6000 kg of milk per year, and 

167 kg CH4 per cow per year at 12,000 kg of milk per year. 

GHG emission was also estimated per kg of milk produced, where increasing milk production 

was associated with increased GHG per cow, but decreased GHG per kg of milk. Cows in Canada 

produced about .0175 kg CH4 per kg of milk (0.4 kg CO2 equivalent) compared to 0.03 kg CH4 

per kg of milk (0.7 kg CO2 equivalent) from dairy cattle in New Zealand (Sevenster and de Jong 

2008). Total GHG emissions per kg of milk were estimated at 1.4 kg CO2 equivalent in Europe 

(JRC European Commission 2010). The contribution of methane among countries in the EU 

ranged from 0.35 to 0.80 kg CO2 equivalent. 

The methodology for calculating greenhouse gas emissions are governed by international law 

(Amon et al. 2011). 

“Reporting bodies are encouraged to use more detailed methodologies than the Tier 2 

approach (Tier 3) if possible and if this would result in more accurate reporting.” Amon et al. 

2011. 

For enteric fermentation estimates, a minimal Tier II methodology is required, which consists 

of: 

1. definitions for livestock categories,  

2. livestock populations by subcategory, and  

3. feed intake estimates for the typical animal in each subcategory.  

Dong et al. (2006) provide an excellent review of the methodology for measuring GHG from 

livestock and manure management based on the IPCC Guidelines. 

In Canada, CH4 emissions from dairy cattle were modeled using IPCC Tier 2 methodology 

(Ominski et al. 2007). They estimated annual CH4 emissions of 144 kg/cow/year from dairy 

cattle in BC compared with a Canadian average of 126 kg/cow/year. Methane emissions from 

heifers in BC using IPCC Tier 2 methodology was 72 kg /animal/year. The higher CH4 emission 

per cow in BC was offset by higher average milk production per cow.  Based on recent literature 

reports, the estimates of 116.5 and 74.6 kg CH4 per cow per year provided in the 2012 BC Best 

Practices Methodology are likely low, but are higher than the values of 73 kg CH4 per dairy cow 

and 46 kg CH4 per non dairy animal in the Fraser Valley Inventory (Levelton 2005). 
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In summary, the enteric CH4 emission 

estimates of dairy cows and heifers in 

Abbotsford is 2459 tonnes  per year or 51,639 

tonnes of CO2 equivalent per year. This is 

calculated using 2011 census data of 13,886 

dairy cows and 6377 heifers, with the most 

recent emission factors of Ominski et al. 

(2007) and the IPCC 2007 CO2 equivalent (1 kg 

methane has the global warming potential of 

21 kg carbon dioxide).  This is CH4 emission 

that can only be significantly changed by 

altering animal populations.  

 

2.2 Methane Emissions from Manure 

2.2.1 Methane Production from Animal Manure is a Two Stage Microbially Mediated Process 

Greenhouse gas emission from manure storage in Canada is relatively small due to our colder 

climates and manure management systems. It is now 30 years since I began my research with 

greenhouse gas production from agriculture, which began with a conversation with Dr. Naveen 

Patni in Ottawa in 1985. 

Dr Patni's findings in the early 1980s (Patni and Jui 1985) is more profound now, with the 

increased interest in greenhouse gas emissions. At the time, we discussed the effect of 

temperature on volatile fatty acid accumulation, the disappearance of the volatile fatty acids 

later in the summer, and the pH of the manure throughout the year. The ideas coming from this 

one research paper affect our understanding of both methane and nitrous oxide emissions 

from animal manure, and for anaerobic digestion including: 

1. Biogas from manure is a two stage process, the first being the production of organic 

acids (VFA), primarily acetic acid, and the second being methanogenesis by methane 

producing bacteria – who are much more sensitive to temperature, as well as to 

ammonia and propionate accumulation in the manure. 

2. VFA production also produces carbon dioxide – the manure carbon is the electron 

acceptor to form VFAs and hydrogen – this is why high carbon dioxide is measured along 

with low methane emission in manure studies at low temperature 

3. Methane production is a much slower process than VFA formation, and is affected by 

storage time and temperature 

Figure 3. Most of the methane coming from agriculture is 
produced in the cow's stomach (enteric fermentation). 
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4. Although one would expect VFA production to lower manure pH (like a silage), it doesn’t 

because protein breakdown releases ammonia which raises pH 

5. When methane producing bacteria begin to produce methane, a pH increase due to loss 

of the VFA is observed 

6. pH of manure is high after anaerobic digestion because of the loss of VFA and the 

accumulation of ammonia/ammonium 

7. Lower N2O after anaerobic digestion can be expected because the VFA or the available 

carbon which increases N2O emission during both nitrification and denitrification has 

been removed 

This conversation greatly influenced my research. The following comes directly from my MSc 

thesis, completed in 1988. 

"Anaerobic digestion to methane involves a two stage process, the acidogenic stage and the 

methanogenic stage. Cellulose, hemicellulose, lipids and proteins are degraded to volatile 

acids, hydrogen, and carbon dioxide during the first, or “acid forming” phase. The volatile 

fatty acids are converted to methane and carbon dioxide by the methanogenic bacteria in the 

second phase of anaerobic digestion. 

Mosey (1983) summarized the acid forming phase of anaerobic digestion during 

carbohydrate fermentation. He stated that the preferred product of fermentation was acetic 

acid. The production of propionic and butyric acids were the bacterial response to an 

increasing acid load and a decreasing redox potential. 

Farm slurries differ from anaerobic digesters in that the conditions are rarely optimum for 

the second phase of anaerobic digestion, methanogenesis. The result is that high 

concentrations of volatile fatty acids accumulate in the manure. The methane formers grow 

at slower rates and are more sensitive to adverse conditions than the acid formers. 

Methane is not produced in most anaerobic manure storage tanks in Canada because the 

temperature is below optimum, the loading rate of the manure is too high, inhibiting 

methanogenesis by allowing toxic concentrations of volatile acids and ammonium to 

accumulate. 

Van Velsen (1977) concluded that methanogens adapt to high ammonium concentrations, 

but are inhibited when the rate of ammonium formation is more rapid than the ability of the 

methane formers to acclimatize to the change. 

Ianotti and Fischer (1983) measured the effects of volatile fatty acids on the growth of 

methanogens isolated from a swine manure digester. They found propionic acid to be more 

toxic to methanogens than either acetic or butyric acids. Van Velsen (1977) also observed 

digester failure when the propionic acid began to accumulate. 
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Methanogens are also sensitive to pH. In some anaerobic digesters, failure of the digester 

results in decreased pH as a result of organic acid production. This is not a problem with most 

manure digesters because of the high concentrations of ammonium in the manure. Schmid 

and Lipper (1969) observed only a slight decrease in pH when the organic acid concentration 

increased to 15,000 mg per L in a swine manure digester. They concluded that the high 

concentration of ammonium buffered the manure pH near neutral.” (Paul 1988) 

A direct correlation between manure slurry pH and volatile fatty acid concentration was 

established in various liquid dairy cattle, swine, beef and poultry manure slurries sampled 

during May in Ontario. (Paul and Beauchamp 1989 a). The data suggests that very little 

methane production and emission had occurred. 

Although the methane production process is sometimes reported as a more complicated than 

simply the two stage process described: the acid forming stage and the methane forming stage, 

there is a very diverse and fascinating group of microbes operating to allow methane 

production to occur. Lyberatos and Skiadas (1999) summarized various models of anaerobic 

digestion where some slightly different versions of a four step methane production process are 

presented. 

The acidogenic microbial community is not as sensitive to temperature as the conversion of 

volatile fatty acids to methane, resulting in accumulation of volatile fatty acids during manure 

storage, without the corresponding methane production. 

 

2.2.2 Lower Temperatures Reduce Methane Emission from Dairy Manure Storages 

Methane production is dramatically effected by manure temperature, resulting in relatively low 

methane emissions from manure storage in Abbotsford. 

Jackson et al. (1994) measured biogas emission from 200 L manure storage containers in 

Ottawa during May through September and measured biogas containing 25% methane.  They 

concluded that CH4 emission from the manure storage was approximately 3% of the total 

emission from the dairy cows and the manure combined (the other 97% was enteric CH4 

production). They observed that the methane production rate was 10% of that reported by 

other researchers, which they attributed to lower manure temperatures than those reported in 

the other studies, although they reported an average manure temperature of 17 C. 

Patni et al. (1994) reported similar methane emissions from a farm scale manure storage during 

the summer, and significantly lower emissions during the winter months. They measured 27% 

CH4 in the biogas during the summer and 22 to 35% during the winter (normally biogas is 60-

75% CH4).  They concluded that: 

“insufficient time and low slurry temperatures, and possibly other inhibitory factors such as 

high volatile acid and ammonia concentrations, did not permit methanogenic bacteria to 
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become dominant in the stored slurry. Introduction of an inoculum acclimatized to low 

temperature could conceivably increase the methane content in the biogas….Farm-stored 

DCMS in cold climatic regions is unlikely to be a significant contributor of greenhouse gases 

into the atmosphere.” 

Masse et al. (2003) measured the effect of storage time, solids content and temperature on 

methane emissions during storage of dairy cattle manure. They observed that significant CH4 

production only occurred after 180 days of storage at 15 C, with total CH4 emission rates more 

than 10 times higher at 15 C than 10 C. They also measured more CH4 emission from diluted 

manures, which they attributed to less inhibitory VFA and ammonia in this manure. They 

concluded that: 

“CH4 emissions depend on the interaction between a number of variables, including physico-

chemical characteristics and type of manure, temperature, and storage duration. Results also 

indicated that on typical Canadian farms, CH4 emissions from manure storage tanks over the 

late fall, winter, and early spring period should be very small, because manure temperature 

remains substantially below 10°C….During the late spring, summer, and early fall period, CH4 

emissions from manure tanks could be substantially reduced by recommending storage 

periods shorter than 150 days and frequent land applications. The use of below ground 

storage tanks would also contribute to maintain lower manure temperatures during the 

summer and thus minimise CH4 emissions.” 

Research in other areas of the world reflected similar effects of temperature on methane 

emission during manure storage. Zeeman (1994) developed a model of CH4 emissions from 

animal manure storages in the Netherlands based on temperature. He concluded negligible gas 

production during storages of less than 100 days at 15 C, and less than 150 days at 10 C. 

Umetsu et al. (2006) concluded that CH4 emission from manure storage tanks during late fall, 

winter and early spring in northern Japan may be negligible because of manure temperatures 

less than 10 C. 

Sommer et al. (2007) concluded that CH4 

emission from liquid cattle manure stored for 

100-200 days was not significant at 

temperatures below 15 C, and that inoculation 

of the manure significantly increased CH4 

emissions at higher temperatures. 

Rodhe et al. (2009) measured CH4 emissions 

from on-farm dairy manure storages in 

Sweden. Gas emissions were measured from 

October through April as the storage was being 

filled until the storage tank was almost 
Figure 4. Methane emissions from manure storages in 
Abbotsford were very low during the winters as measured 
already in 1994. 

https://johnpaulprofessional.files.wordpress.com/2013/04/measuring-ch4-and-n2o-from-manure-storage-1994.jpg
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emptied in April, then again from May through September while the storage tank was being 

filled.  Mean slurry temperatures were 9.7 and 5.6 C in southern and northern Sweden, 

respectively.  During a controlled experiment throughout the year in one location, they 

measured a methane conversion factor (MCF) of 2.2 and 4.1 during the winter and the summer, 

respectively. They averaged this value at 3% of the potential methane production.  

Klevenhusen et al. (2010) measured methane emissions from dairy cattle slurry for a 15 week 

period at 14 C and 27 C. They concluded that the CH4 conversion factor (MCF) ranged from .88 

to 1.81 at 14 C and 11.9 to 19.9 at 27 C. 

Moller et al. (2004) observed that the theoretical methane emission potential (MCF) during a 

90 day storage period of liquid dairy cattle manure at 15 and 20 C was 2.6 and 3.3%. They 

observed that CH4 emission began to increase after 90 days at 20 C, but not at 15 C. 

Moller et al. (2012) measured methane emissions from manure stored at various temperatures 

from dairy cattle fed different diets. They reported three significant observations: 

1. At 35 C, when the manure was inoculated, CH4 emission was essentially complete after 

90 days. 

2. At 35 C, when the manure was not inoculated, there was up to a four-fold variation in 

CH4 emission depending on diet (corn > corn+fat > grass), and CH4 emissions appeared 

to be complete after 125 days. 

3. At 10 and 20 C, respectively, CH4 emission over a 225 day period was 6 and 13% of the 

CH4 emission at 35 C. 

Dammgen et al. (2012) reviewed methane emissions from cattle manure storages in 

Europe.  They concluded that there is a wide consensus that CH4 emissions from stored slurry at 

air temperatures below 10 C are small in comparison to slurry stored at higher temperatures. 

In summary, based on measurements elsewhere in similar climates, as well as local 

measurement, methane emission from liquid dairy cattle manure storage are very low in south 

coastal British Columbia.  Manure storage practices also influence methane emission rates. 

 

2.2.3 Manure Management Practices Important for Establishing Baseline Methane Emissions 

in Abbotsford 

Dairy manure storages in Abbotsford emit less methane than manure storages elsewhere in 

Canada, mostly because of storage methods and timing. Liquid manure storage produces more 

methane than solid manure storage. A longer storage period increases the amount of methane 

emitted. Dairy farms in Abbotsford are unique in Canada for two reasons: 

1. almost all dairy farms in Abbotsford utilize liquid manure systems 
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2. the average manure storage period is lower than the Canadian average because manure 

can be applied to grassland during the late fall and early spring. 

Regulation and best management practices are important to consider. According to the BC 

Ministry of Agriculture (2009),  

“an offset project must result in GHG reductions beyond existing or proposed regulatory 

requirements / industry standards.” 

An applicable regulation is the Agricultural Waste Control Regulation (BC Ministry of 

Environment 2002), where it states: 

“A storage facility must 

(a) be of sufficient capacity to store all the agricultural waste produced or used on the 

farm for the period of time needed to  allow for 

 (i)  the application of agricultural waste as a fertilizer or soil conditioner, or 

(ii)  the removal of agricultural waste, 

(b) prevent the escape of any agricultural waste that causes pollution, and 

(c) be maintained in a manner to prevent pollution.” 

The BC Ministry of Agriculture published the Environmental Guidelines for Dairy Producers (BC 

Ministry of Agriculture 1993). This document was intended to  

“describe management options that are environmentally sound, and which comply with 

existing Federal and Provincial environmental laws.”   

The recommended manure storage time in this document was a minimum of six months in 

order to  

“store the manure during the times of the year when manure cannot be applied to cropland 

due to the risk of causing pollution.”   

This document allowed for some manure application on grassland during all months of the 

year, and up to 40% of the annual allowable application between September and December. 

The BC Ministry of Agriculture (2004a) stated that  

“Manure is considered to be a fertilizer. The growth characteristics and nutrient requirements 

of crops should be carefully considered before fertilizing. Manure should be spread onto 

cropland when chemical fertilizer would normally be spread.”  

They stated that manure may need to be stored from 5 to 7 months depending on the location 

in the province and the local weather conditions. BC Ministry of Agriculture 2004 b) stated that  
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“manure spreading is not permitted in late fall and winter, to avoid sensitive fisheries stages 

and periods of high rainfall.” 

The BC Ministry of Agriculture recommended four to six months manure storage (BC Ministry of 

Agriculture 2006).  

“For most BC farms, four months is recommended and six months may be most desirable. Up 

to one year may be required depending on the crop planted and the ability to fertilize with 

manure. Sufficient length of storage should be provided to avoid spreading manure on land 

when there is a danger of runoff.” 

The Manure Spreading Advisories (BC Ministry of Agriculture 2012) also provided guidance to 

maintain industry standards.  

“Manure application on perennial grasses is usually appropriate until the end of October as 

long as crop growth and warmer weather patterns (greater than 5oC) continue; fields are 

trafficable; and precipitation does not create runoff….Plan manure applications to empty 

storage facilities before the rainy season.” (BC Ministry of Agriculture 2012 September 

manure advisory) 

Manure is an excellent fertilizer source if managed properly. It is advised to apply manure 

throughout the growing season to meet crop nutrient uptake patterns and to keep manure 

storage pits empty before the start of the rainy season. (BC Ministry of Agriculture 2012 August 

manure advisory). BC Ministry of Agriculture (2010) provides guidance to when manure should 

be applied, which is 100% of available manure for corn production during April before corn 

planting, and up to 25% of available manure application in September if a cover crop is planted 

after corn harvest. For grassland, up to 25% of the annual manure production can be applied in 

late February or early March, and up to 70% during the growing season up to September after 

grass cutting. 

Because most dairy farms grow both corn and grass, the maximum potential manure storage 

requirement is 4 to 6 months. Manure storages should be emptied in March or April for corn 

production, and emptied throughout the summer for grass production, and to allow the storage 

facilities to be empty at the start of the rainy season in October. 

From a methane emission perspective, this is important as manure accumulates starting in 

October through February when the temperature is cold and minimal methane emission is 

expected. From April through September, the recommendation is to utilize the manure as the 

grass crops are harvested, which essentially suggests that the manure storage time is less than 

one month. 

The dairy industry in BC is unique in Canada. A research report based on 2003 statistics 

suggested that:  
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“Most farms with liquid manure storage had a storage capacity of more than 250 days. 

Furthermore, 9.9% of farms had liquid storage capacity with more than 400 days.” (Statistics 

Canada 2003).  

In a table showing manure storage by herd size, 31% percent of dairy farms in Canada stored 

manure as a liquid in 2003. In British Columbia, 65% of dairy farms used primarily liquid manure 

storage. 14% of farms in Canada had manure storage capacity less than 150 days (approx. 5 

months). In 1997 in Abbotsford, the median storage time on dairy farms in Matsqui was 3.3 

months compared with 3.6 months in Sumas (Environment Canada 1997). Essentially all of the 

dairy farms in Abbotsford store their manure as a liquid. 

The average amount of manure storage on dairy farms in Abbotsford appears to be 

approximately 6 months. Palmer and Rising (1996) found that 30% of dairy farms in Abbotsford 

(Matsqui and Sumas) had less than 2 months capacity for manure storage, and 50% had less 

than 3 months manure storage. They suggested that  

“manure storage was the most critical factor in the environmentally sustainability of the 

dairy farms in the Lower Fraser Valley.”  

They evaluated several different environmental sustainability factors and concluded that   

“farms were operated at about 60% of the recommended environmentally sustainability level 

and the water quality in the surface waters was ranked in the worst 50% of the monitored 

surface waters in British Columbia.”  

There has been a significant increase in manure storage capacity on dairy farms since 1996, 

particularly with public funding provided through ARDCorp, and it appears that most farms 

have approximately 6 months of storage capacity. 

Because the dairy industry and manure management practices are unique in south coastal BC, it 

is important to utilize a methane conversion factor that matches regional conditions.  

 

2.2.4 Verifying the Methane Conversion Factor for Manure Storages in Abbotsford 

Based on climate and manure management practices in south coastal British 

Columbia, methane emission from dairy manure storages is estimated to be 5-10% of the 

potential emissions, and ranges from 3000 to 10,000 tonnes of carbon dioxide equivalents per 

year. 

A key factor in estimating actual methane emissions from dairy manure storages in 

Abbotsford is the methane emissions factor (MCF).  Baseline methane emissions from manure 

storages are calculated using internationally accepted protocol, which includes the number of 

animals, the amount of volatile solids excreted by each animal, the potential methane 
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production per kg of volatile solids, and the methane conversion factor (MCF). This MCF is a 

percentage between 0 and 100%, where 100% is equal to the potential methane production 

per kg of volatile solids. The MCF is primarily a function of manure storage temperature and the 

length of time that manure is stored.  There are a wide range of MCF values used, ranging from 

39% used in Washington State (Washington State 2008), to 25.8% used in British Columbia 

(Verge et al. 2007, Janzen 2009, Government of Alberta 2010). The internationally accepted 

IPCC protocols (IPCC 1996, IPCC 2006) use an MCF value of 10% for liquid manure storage in 

cool climates. 

Although IPCC (2006) suggests a MCF of 68% for uncovered anaerobic lagoon (IPCC 2006 - Table 

10.17), the contributing factors must be considered. Table 10.18 of (IPCC 2006) has additional 

important information on the definition of uncovered anaerobic lagoon:   

“A type of liquid storage system designed and operated to combine waste stabilization and 

storage. Lagoon supernatant is usually used to remove manure from the associated 

confinement facilities to the lagoon. Anaerobic lagoons are designed with varying lengths of 

storage (up to a year or greater), depending on the climate region, the volatile solids loading 

rate, and other operational factors. The water from the lagoon may be recycled as flush 

water or used to irrigate and fertilise fields.”  

While there are a number of uncovered anaerobic lagoons in Abbotsford, the storage capacity 

in most cases is less than six months as previously discussed. The higher MCF for anaerobic 

lagoons also assumes a significant effect of inoculation of methane forming bacteria during long 

term storage. Sommer et al. (2007) reported that methane production from stored cattle 

manure was not significant at 10 C, even when the manure was inoculated. 

Washington State used an MCF of 39% (Washington State 2008).  

"Using the Intergovernmental Panel on Climate Change (IPCC) Tier 2 methodology for 

estimating methane emissions from 

liquid/slurry manure storage facilities and a 

methane conversion factor of 39 percent for 

cool climates” (Washington State 2008).  

This number appears to originate from IPCC 

(2000) Table 4.11 MCF values for manure 

management systems not specified in the IPCC 

Guidelines (Judgement by Expert Group). 

However, manure management systems 

specified in the IPCC (1996) Guidelines, 

Table 4.8 clearly identifies the MCF factor 

for liquid manure systems in cool climates at 

Figure 5. Most of the methane comes from the front of the 
cow, not the back, and not the manure. 

https://johnpaulprofessional.files.wordpress.com/2012/12/gas-collection.jpg
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10%, not 39%. The MCF of 39% may have originated from a supporting paper for the IPCC 

(1996) by Zeemans and Gerben (1997), which includes information by Zeemans (1994).  

Zeemans (1994) concluded: “when continuously 15% of the storage is filled, no gas production 

is produced, at a temperature of 15°C and a storage capacity < 100 days and at a temperature 

of 10°C and a storage capacity < 150 days.” Based on this information, the MCF of 10% may 

even overestimate actual methane emission from manure storages under conditions in 

Abbotsford.  Soliva (2006) also considered the 39% and 10% default MCF values reported in 

IPCC (2000) and made the same conclusion that 10% was the more realistic value for manure 

management in Switzerland. 

The MCF factor of 25.8% for manure storages in British Columbia may have originated from 

work by Verge et al. (2007). They state that this value was based on a US paper that 

extrapolated optimal methane emission at various temperatures using the van’t Hoff-Arrhenius 

equation. There was no experimental data used in this calculation, and differential temperature 

response by various microbes was not taken into account.  Methane producing bacteria are 

more sensitive to temperature than the acid formers and that VFA and ammonia accumulation 

may inhibit the methane producing bacteria during manure storage. Based on the fact that this 

MCF value of 25.8% is theoretical only, and is not supported by actual data either in Canada or 

in Europe, there is no evidence that this value is relevant to manure management in British 

Columbia. 

Based on actual measurements of methane emissions at low temperatures and manure storage 

management in British Columbia, and using the rule of conservancy, a realistic MCF factor 

is 5%. This also corresponds with actual measurements of methane emission from manure 

storages in 2004.  Rodhe et al. (2009) estimated that the MCF for dairy manure in Sweden was 

3%, based on shorter manure storage periods, and frequent manure applications during the 

summer.  

To be generous, the IPCC (1996) and IPCC (2006) MCF value of 10% can be used but it results in 

an overestimation of methane emissions, based on literature estimates. Karimi-Zindashty et al. 

(2012) concluded that obtaining parameters specific to regions and animal subcategories is very 

important in order to estimate GHG emissions more accurately and to reduce the uncertainties 

in agricultural GHG inventories. 

 

2.2.5 Baseline methane emission from dairy manure storages in Abbotsford 

An estimated baseline methane emission from dairy manure storage in Abbotsford in 2011 was 

8278 tonnes CO2 equivalent, using internationally accepted protocols for calculating baseline 

methane emissions from manure storage. Much of the information in the literature suggests 

that the actual emission is likely lower.   
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“Some countries for which livestock emissions are particularly important may wish to go 

beyond the Tier 2 method and develop models for country-specific methodologies or use 

measurement–based approaches to quantify emission factors. The method chosen will 

depend on data availability and national circumstances. Good practice in estimating CH4 

emissions from manure management systems entails making every effort to use the Tier 2 

method, including calculating emission factors using country-specific information. The Tier 1 

method should only be used if all possible avenues to use the Tier 2 method have been 

exhausted and/or it is determined that the source is not a key category or 

subcategory.” (IPCC 2006). 

The following four steps are used to estimate CH4 emissions from manure management (IPCC 

2006): 

Step 1: Collect population data from the Livestock Population Characterization (see Section 

10.2) 

Step 2: Use default values or develop country-specific emission factors for each livestock 

subcategory in terms of kilograms of methane per animal per year. 

Step 3. Multiply the livestock subcategory emission factors by the subcategory populations to 

estimate subcategory emissions, and sum across the subcategories to estimate total 

emissions by primary livestock species. 

Step 4: Sum emissions from all defined livestock species to determine national emissions. 

The dairy industry developed a 

methane emissions protocol 

where methane emission from 

manure storage (tonnes CO2 eq 

per year) = kg DM/head/day of 

volatile solids excretion from a 

specific animal group x number of 

animals in group x 365 days per 

year x maximum methane 

producing capacity from dairy 

manure (Bo – default is 0.24 m3 of 

methane per kg of volatile solids) x methane conversion factor (% of volatile solids converted to 

methane under storage conditions) (Atlantic Dairy and Forage Institute, ADFI 2008, and 

Government of Alberta 2010). They suggested that methane emissions could be calculated 

monthly to account for influence of temperature and timing of manure removal. They report 

the methane conversion factor for British Columbia as 25.8% (which came from Verge et al. 

2007). 

Figure 6. Calculation of methane emissions from manure storage (IPCC 2006) 

https://johnpaulprofessional.files.wordpress.com/2015/03/ipcc-manure-methane-equation005.jpg
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Two numbers required are the daily 

volatile solid excretion per specific 

animal group (VS), and the maximum 

methane producing capacity from 

dairy manure (Bo). Washington State 

uses a VS excretion of 8.35 and 4.07 

kg dry VS per animal per day (US EPA 

2010). Washington State also use a Bo 

of 0.24 for dairy cows and 0.17 for 

dairy heifers. The default volatile 

solids excretion (VS) in Europe used is 

5.08 and 2.65 for dairy cattle and non-

dairy cattle, respectively (Amon et al 2005). They use the same Bo values of 0.24 and 0.17 for 

dairy cattle and non dairy cattle. The average VS excretion used in Austria is 3.86 kg per animal 

per day, however, milk production rates are also lower than in western Canada. Holler et al. 

(2004) measured an average VS excretion of 4.08 kg per lactating dairy cow per day. Weiss and 

St-Pierre (2010) summarized data from experiments on lactating dairy cattle in Ohio showing 

average VS excretion of 8.57 kg dry matter per animal per day. They found that as feed intake 

increased, VS also increased because the feed went through the animal faster and efficiency of 

digestion decreased. They concluded that  

“A Holstein cow producing 23 kg of milk averages about 59 kg of manure (2.6 kg of 

manure/kg of milk) but a Holstein producing 45 kg of milk produces 80 kg of manure or only 

1.75 kg of manure/kg of milk. Increasing milk production is usually the most effective means 

of decreasing manure output per unit of milk produced.” 

The Bo value refers to the ultimate methane yield, which is lower than the theoretical methane 

yield because some of the manure volatile solids are used to produce microbial biomass and 

lignin containing compounds will only be degraded to a limited degree (Holler et al. 2004). IPCC 

(2006) uses a default Bo value of 0.24 and 0.17 m3 of CH4 per kg VS for dairy cows and dairy 

heifers, respectively. The US EPA (2010) has adopted these same values. Holler et al. (2004) 

measured Bo values of 0.148 during actual experiments with dairy cattle manure in Denmark. 

The total methane (CO2 equivalents) from dairy manure management in Abbotsford ranges 

from 2,970 tonnes using conservative factors to 42,717 tonnes using a high MCF factor used in 

some previous estimates. The literature that was reviewed and current manure management 

practices suggests 8,278 tonnes total greenhouse gas emission from methane emission during 

manure storage. 

Figure 7. Manure methane emission equation (Government of Alberta 2010). 

https://johnpaulprofessional.files.wordpress.com/2015/03/alberta-manure-methane-equation-003.jpg
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Using the total of 8,278 

tonnes total greenhouse 

gas emission from 

methane, the methane 

emission per cow during 

manure storage is 24 

kg. This compares with 

Bertrand and Hacala 

(2007), who summarized 

the IPCC 1997 methane 

emission factors as: North 

America dairy cow 36 kg/head/yr compared to the Western Europe dairy cow at 14 kg/head/yr 

under cool climate conditions (Abbotsford is considered cool climate conditions). A report 

by Sonesson et al. (2009) used experimental data of 11.4-12.4 kg per cow per year methane 

loss during manure storage in Northern Europe, suggesting that the estimated methane 

emissions still may be overstated. 

2.2.6 Methane Emissions from Agriculture in Abbotsford 

Based on the above estimates of methane emission from enteric fermentation and from dairy 

cattle manure, the total agricultural methane emission can be calculated. It is also important to 

include estimates of methane emission from hog manure and from poultry manure.  

Although hog manure is also stored anaerobically and may produce methane similar to dairy 

cattle manure, the hog industry has declined significantly in Abbotsford, and the potential 

methane emission is small. 

The poultry industry produces a significant amount of manure in Abbotsford, however, most of 

this manure is drier, and is managed as a solid, which is not as likely to produce methane. In 

addition, a significant quantity of poultry manure goes directly for mushroom substrate 

production, or is exported from Abbotsford and applied on land elsewhere in British Columbia. 

Methane Emission from Hog Manure in Abbotsford (2006 estimates)

Animal number CH4 Emission Factor1 CH4Emission

2006 Census kg CH4 Head-1 Yr -1 tonnes CH4 Yr-1

boars 198 9 2

sows 9,343 9 84

nursery 29,490 6 177

grower/finisher 36,539 6 219

Total 75,570 482

Adjusted emission for estimated 50% reduction in hog population 241
1 Table 10.14 IPCC (2006) - using western Europe emission factors, cool climate

Figure 8. Estimates of the baseline methane emission from manure storage from 
Abbotsford’s 13,886 dairy cows and 6,377 heifers in 2011. 

Figure 9. Estimate of methane emission from hog manure storages in Abbotsford 
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The total amount of methane produced in agriculture in Abbotsford is 66,675 tonnes CO2 

equivalent, with only 12.4% originating from dairy cattle manure.  

 

3.0 Does Anaerobic Digestion Reduce Agricultural Methane Emission 

3.1 Estimating methane “leakage” resulting from anaerobic digestion 

In order to make claims about the policy implications of promoting anaerobic digestion, the 

concept of methane “leakage” must also be considered. 

The United Nations Framework Convention on Climate Change leakage protocol is very 

comprehensive and includes the following: 

“(a) CO2 emissions from consumption of electricity associated with the operation of the 

anaerobic digester; 

Estimated Methane Emissions from Agriculture in Abbotsford 2011

Methane Total

t CH4/yr CO2 equivalent % contribution

Dairy Cattle 2,459 51,639 77.4%

Dairy Cattle Manure 394 8,274 12.4%

Poultry Manure 81 1,701 2.6%

Hog Manure 241 5,061 7.6%

Total 3,175 66,675 100.0%

  CO2 Equivalents = CH4*21 (IPCC)

Figure 11. Estimate of methane emission from poultry manure produced in Abbotsford 

Methane Emission from Poultry Manure in Abbotsford (2011 estimates)

Bird Numbers CH4 Emission Factor1 CH4Emission

2011 Census kg CH4 Head-1 Yr -1 tonnes CH4 Yr-1

chickens 5,914,958 0.02 118

turkeys 520,050 0.09 47

other 229,212 0.02 5

broiler breeders 437,955 0.03 13

pullets 526,535 0.02 11

layers 1,473,317 0.03 44

Total 9,102,027 238
Adjusted emission 81
(66% of poultry manure going to mushroom production or leaving Abbotsford)

1 Table 10.5 IPCC (2006)

Figure 10. Total agricultural methane emission from animal production in Abbotsford 

http://johnpaulprofessional.com/2013/03/28/estimating-methane-leakage-resulting-from-anaerobic-digestion/
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(b) CO2 emissions from consumption of fossil fuels associated with the operation of the 

anaerobic digester; 

(c) CH4 emissions from the digester (emissions during maintenance of the digester, physical 

leaks through the roof and side walls, and release through safety valves due to excess 

pressure in the digester); and 

(d) CH4 emissions from flaring of biogas. 

The following sources of leakage emissions are accounted for in this tool: 

(a) CH4 and N2O emission from composting of digestate; 

(b) CH4 emissions from the anaerobic decay of digestate disposed in a SWDS or subjected to 

anaerobic storage, such as in a stabilization pond.” (UNFCCC CDM 2012) 

Although all of the above are important factors and need to be considered in an anaerobic 

digester project, the focus will be primarily on methane leakage from the digester itself and 

further methane production and emission during storage following digestion. 

IPCC (2006) estimated that 5-15% of the potential methane production was emitted as 

“leakage”. IPCC (2006) estimates the “leakage” at between 0-100%, suggesting that the 

“leakage” is highly dependent on the type of digester, and the conditions following digestion. 

The UNFCCC CDM (2012) separates “leakage” from the digester itself and from the digestate 

storage. Default “leakage” from the digestion process is estimated at 0.028 (2.8%) for digesters 

with steel or lined concrete, or fiberglass digesters and a gas holding system, 0.05 for UASB type 

digesters, and 0.10 for unlined concrete or covered lagoons. 

The UNFCCC CDM (2012) then further estimates ”leakage”  from the digestate after it has been 

removed from the digester and distinguishes between liquid and solid digestate. This ranges 

from 0.05 for two stage digesters, 0.10 for covered anaerobic lagoons, 0.15 for UASB type 

digesters, and 0.20 for conventional digesters.  The previous protocol developed by the UNFCCC 

CDM which was adopted by the US EPA (2011) was 10% unless local data is available to support 

an alternative. 

Sonesson et al. (2009) used a methane “leakage” factor of 5% and suggested that it was largely 

due to further decomposition of the digested material after removal from the digester. 

Desjardins et al. (2010) measured that 2.8% of the methane production from an agricultural 

anaerobic digester in Alberta was emitted or “leaked”. They did not measure methane emission 

from the effluent storage after digestion, which could also be a significant source of methane. 

Flesch et al. (2011) reported the fugitive methane emissions at 3.1% from this same 

digester.  Jayasundara et al. (2011) measured fugitive methane emissions of 6% from a dairy 

farm in Ontario using an anaerobic digester. 
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Wagner-Riddle (2013) measured methane emissions of 274.26 ug CH4/m2s-1 from a dairy 

manure storage in Ontario before implementing anaerobic digestion, and 50 ug CH4/m2s-1 from 

the same manure storage a year later following digestion. Emission from undigested manure 

was measured from Jan-Nov 2011, which included the warmest months of the year, and 

emission from digested manure was measured from Sept 2012 to Jan 2013. Most of the 

methane emission from the undigested manure occurred during July, August, and September, 

when average temperatures for that location are 18, 20, 19, and 14 C during June, July, August 

and September, respectively. This data confirms the effect of temperature and length of 

storage on methane emissions from manure storage. It is further interesting to note that the 

methane emission estimates from digested manure were made from September through 

January, and do not include the warmer summer months. It is too early to conclude methane 

emission reduction due to anaerobic digestion from this project. 

Amon et al. (2006) measured methane emissions for 80 days during storage of cattle manure at 

18 C and compared untreated manure with manure that had been anaerobically digested for 30 

days in a commercial anaerobic digester. They measured 4045 and 1342 g CH4/m3 of slurry 

from the undigested and digested manure, respectively, suggesting that a significant methane 

emission is possible following anaerobic digestion. Liebetrau (2011) measured “leakage” from 

10 anaerobic digesters in Germany. He measured negligible CH4 leakage from the digesters 

themselves, 0.4 to 2.4% CH4 leakage during gas utilization, and 0.2 to 11% of the total CH4 

produced during storage of the digestate. The amount of methane emitted during storage of 

digestate depended on whether the storage was covered or not. Lukehurst et al. (2010) present 

a graph that shows the residual methane yield from digestate storage following varying 

retention times in three different types of anaerobic digesters. They also state that: 

 “In European countries with a developed biogas sector (e.g. Germany, Denmark and Austria) 

there are now financial incentives to establish covered digestate stores, with the main 

objective of reducing emissions.” 

Linke et al. (2013) developed a model for estimating methane emission from digestate 

following anaerobic digestion and concluded that digestate storage tanks need to be covered to 

reduce CH4 emission and improve CH4 recovery. 

For dairy farm digesters in Abbotsford, methane emission rates following anaerobic digestion 

are expected to be low because of low storage temperatures, however, these storages are most 

likely uncovered. Therefore, a “leakage” rate of approximately 6% as observed by Jayasundara 

et al. (2011) in Ontario is assumed. Based on the 13,886 dairy cows and 6377 heifers in 

Abbotsford, a Bo of 0.24 and 0.17 (for cows and heifers, respectively), and a VS of 8.35 and 4.07 

(from cows and heifers, respectively), there is a total “leakage” of 9,934 tonnes of CO2 

equivalent if anaerobic digestion was implemented on all farms. 
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In a review of GHG emissions from agriculture in Germany, Lengers (2011) concluded that: 

 “looking at the development of methane emisisons resulting from manure management, 

agricultural soils and enteric fermentation, abatement efforts in methane emissions failed to 

have major impacts.”  

This is also a logical conclusion for Abbotsford when the science of methane production and 

emission in our climate is considered. Without compelling local science proving otherwise, the 

net methane emission reduction from implementing anaerobic digestion is not likely.  

 

3.2 Methane Emission Leakage from Co-Digestion on Dairy Farms 

It is important to consider off-farm wastes when considering methane production and emission 

during anaerobic digestion, because anaerobic digestion is not cost effective using a farm’s 

manure alone (BC Bioproducts Association 2007, Mallon and Weersink 2007, Gregersen et al. 

2007, Shumway and Bischop 2008, ECOregon 2009).  Cornwall Agri-Food Council Development 

Team (undated) provided modelling of anaerobic digestion in one area in the UK, and 

determined that anaerobic digestion was not economically viable without grants, or non-

manure wastes such as potatoes or other off-farm waste. 

There are three ways to make an anaerobic digester project more economically viable 

including: 

1. taxpayer input for the capital costs through grants,  

2. taxpayer input for “green energy” subsidies, or  

3. tipping fees for receiving additional off-farm waste. 

There are three implications for methane production and emission that are important when 

considering input of additional off-farm waste: 

1. potential methane emission reduction credit for the off-farm waste 

2. potentially increased methane production when including off-farm waste 

3. potentially increased “leakage” (methane emission from the digestate storage after 

digestion). 

It is likely that the net methane emission to the atmosphere from a dairy farm importing off-

farm wastes is higher than if the farm had no anaerobic digester at all. If the off-farm waste has 

not been going to landfill and has not been producing methane in its previous management, 

there are no emission reduction credits available by importing the material to the farm. 

Following that, with the increased methane production during anaerobic digestion, significantly 

more methane is produced and emitted from the digestate during storage following digestion.  

http://johnpaulprofessional.com/2013/04/03/methane-emission-reduction-from-off-farm-waste-digestion/
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3.2.1 Methane Emission Credits When Co-digesting Manure with Other Solid Wastes 

If imported off-farm waste was previously disposed of at a landfill, it is possible to claim 

diversion credits because this waste would have emitted methane at the landfill. Washington 

State’s greenhouse gas emission protocol (Cook and Kruger 2008) includes two options for off-

farm waste: 

1. assume that the off-farm waste has no CO2 emissions impact and therefore provides no 

carbon offset credit.  

2. assume that all off-farm waste was destined to go to landfill and provide the 

appropriate offset credit. This would have to take into consideration any methane 

emission reduction strategies such as landfill gas capture already in place at the landfill. 

For off-farm waste in British 

Columbia, unless it was 

residential food waste, it is 

unlikely that it has been going to 

landfills for many years already. 

Much of it has already been 

diverted for animal feeding, 

composting, or other alternative 

disposal. BC BioProducts (2007) 

was not able to confirm that any 

of the readily available organic 

wastes for co-digestion were 

going to landfill. 

This means that are no methane emission credits available for off-farm organic wastes in British 

Columbia because other than residential organic waste, most clean organic waste has been 

diverted from landfill for many years already. Methane emission reduction credits from off-

farm waste would require verification that it was being diverted from landfill. 

 

3.2.2 Methane Production Increases When Including Off-farm Waste 

Off-farm organic waste increases methane production during anaerobic digestion. Figure 13 

below shows that the methane production potential of dairy cattle manure alone is relatively 

low compared to the potential methane production from other organic wastes. 

Figure 12. Most readily available off-farm organic substrates have been diverted from 

landfill for more than 10 years in south coastal British Columbia. 

http://johnpaulprofessional.files.wordpress.com/2013/04/organic-waste.jpg
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Potential methane production from 

various organic wastes (from BC 

Bioproducts Association 2007) 

Frear (2010) reported that adding 15-20% 

food processing waste to a dairy manure 

digester more than doubled biogas 

production and increased the percentage 

of methane in the biogas.  Ontario 

Ministry of Agriculture and Food (2007) 

reports that addition of up to 25% off-farm 

waste may double or triple biogas yield. 

Mang (2009) summarized anaerobic 

digestion projects in Europe and stated that increased biogas production from co-digestion with 

off-farm wastes may make some projects economically self-sustaining. (Taglia 2010) reported 

that adding off-farm waste could increase the biogas production five-fold. Jepsen (undated) 

stated that in Denmark, adding off-farm waste to manure digesters provides up to 60% of the 

digester’s methane production. Crolla et al. (undated) determined that biogas yields doubled 

when adding off-farm substrates to anaerobic digesters in Ontario. 

 

3.2.3 Increased Potential for Methane Emission From the Digestate 

The BC Bioproducts Association (2007) stated that:  

“It is important to note that up to 15% of biogas may be produced in the digestate storage. It 

is paramount that digestate storage be covered to limit direct emission to the atmosphere.”   

The Leipzig Institute for Energy (undated) concluded that enhanced production of methane 

during digestate storage results from the higher amounts of biodegradable organic matter 

added for co-digestion with off-farm waste. 

Following methane emission measurements from four anaerobic co-digestion facilities in Italy, 

Menardo et al. (2011) concluded that organic loading rate and feed-stock quality had the 

greatest effect on methane emission from the digestate. Using the average methane emission 

from the four anaerobic digesters, they concluded that a 1 MW electricity plant produces about 

100 m3 of digestate per day, and a biogas yield of 500 m3 per day during digestate storage 

following digestate. At 0.28 eurocents for electricity, the increased revenue would create 

30,000 additional eurodollars per day if the digestate storage was covered and the methane 

captured. However, they incubated their digestate at 40 C, and as discussed earlier, methane 

production is dramatically impacted by storage temperature. 

Figure 13. Potential methane production from various wastes (from 
BC Bioproducts Association 2007). 

http://johnpaulprofessional.files.wordpress.com/2013/04/fraser_valley_feasibility_study_anaerobic.jpg
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Hansen et al. (2006) concluded that methane emission from digestate was logarithmically 

correlated with the air temperature but was very low at temperatures below 15 C.  They 

concluded that it was important to empty the digestate storage tanks in the spring before the 

ambient temperatures increased which would increase methane emission from the digestate. 

The previous section summarizes 

methane “leakage” based on 

experimental results. The CDM 

protocol (UNFCCC/CDM 2012) 

methane leakage default values 

for the digester and for digestate 

storage is summarized above. This 

demonstrates that the methane 

“leakage” may be up to 30% of methane production, depending on the type of digester. 

Lehtomaki et al. (2008) measured methane production from grass silage digested in various 

types of reactors, and found that digester retention times and method of digestion significantly 

affected the potential for further methane production from the digestate. 

There are two reasons why significant methane emission following the digestion process is 

expected when off-farm waste is added: 

1. addition of carbon, which increases the potential of methane emission because the 

digestion process is never complete in an anaerobic digester, 

2. inoculation of the digestate with methane producing bacteria, and have reduced 

potentially high concentrations of volatile fatty acids which inhibit the methane forming 

bacteria. 

With the colder climate and manure management in Abbotsford, it was previously determined 

that the baseline methane emission from manure storage was 5% of the potential methane 

production. Based on this, it is safe to assume that methane emission following anaerobic 

digestion will also be lower than some of the default or measured values from other areas. 

 

3.2.4 What Does This All Mean for Anaerobic Digestion in Abbotsford? 

Including off-farm wastes is critical for economic viability of anaerobic digestion, unless the 

digester is paid from grants and other public money. There is negligible methane emission 

reduction potential associated with including off-farm wastes because most of these wastes 

have not been going to landfill. The baseline methane emission from dairy manure itself is 5%. 

Methane production is expected to at least double by adding off-farm waste. 

Figure 14. Methane emission (leakage) from anaerobic digesters and from the 
digestate (default values from CDM protocol 2012) 

http://johnpaulprofessional.files.wordpress.com/2013/04/cdm-leakage2.jpg
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Based on the leakage estimate of 6% of the methane production as determined previously, and 

considering that methane production has doubled, the net methane emission to the 

atmosphere from implementing anaerobic digestion is likely to be higher than the baseline 

emissions from manure storage alone. If the baseline methane emission from manure storage is 

higher than 5%, the emission factor for the digestate from 6% to values used in the CDM 

protocol may have to be increased (UNFCCC/CDM 2012).  Either way, there is no evidence for 

reduced methane emission by encouraging anaerobic digestion in Abbotsford, unless the 

digestate was stored under cover and the methane captured during the storage period. 

4.0 Nitrous Oxide Emissions from Animal Agriculture 

Given that nitrous oxide emissions are likely to be included in the community greenhouse gas 

inventories, it is helpful to understand the science of nitrous oxide emission from manure and 

soil.  

Globally, N2O from manure handling contributes 28% to the global nitrous oxide emissions 

(Sevenster and Dejong 2008). They also reported that of the total GHG emission from manure 

management, nitrous oxide contributes 42% compared to 58% from methane. 

In the dairy industry in Europe specifically, Sevenster and Dejong (2008) reported that enteric 

fermentation (the burp) contributed 11% of agricultural emissions. Methane emissions from 

manure handling contributed 1.8%, while nitrous oxide emissions from manure management 

and pastures contributed 2.2% of the global agricultural emissions. Using a lifecycle modeling 

approach for Europe, Olesen et al. (2006) concluded that nitrous oxide contributed on average 

about 49% of the total emissions in terms of global warming potential, whereas CH4 (including 

CH4 from the rumen) contributed 42% from dairy farms. 

In Canada, Verge et al. (2007) reported that 31% of the GHG emissions on dairy farms in Canada 

was nitrous oxide. Of the 31%, 15% results from manure management, 6% from fertilizer, 6% 

from crop residue and 4% from indirect sources (ammonia emission and leaching). In 

comparison, methane emission from manure management contributed 12% of the total GHG 

emissions. The Dairy Farmers of Canada (2010) reported that in the Canadian dairy industry, 

nitrous oxide emissions contributed 30%, compared to 12% from CH4 in manure management, 

and 58% from enteric fermentation. 
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4.1 Understanding Nitrous Oxide - the Greenhouse Gas of Most Significance in 

Agriculture 

Nitrous oxide is the most significant greenhouse gas emitted from agriculture (40-50% of 

greenhouse gas emission). The science and microbiology of nitrous oxide production and 

emission will be reviewed to provide a better understanding of how policy implementation will 

affect our community greenhouse gas emissions.  

 

4.1.1 Overview 

Nitrous oxide has the radiative forcing 296 times that of carbon dioxide, which means that it 

doesn’t take much of this gas to have a big effect on greenhouse gas contributions. Crutzen 

(1970) was one of the first scientists to link nitrous oxide with ozone depletion. He also 

connected it with fertilizer use. 

“Over the past 100,000 years, concentrations of nitrous oxide in the atmosphere have rarely 

exceeded 280 ppb. Levels have risen since the 1920s, however, reaching a new high of 324 

ppb in 2011. This increase is primarily due to agriculture.” (US EPA 2012) 

Davidson (2009) analyzed trends in atmospheric nitrous oxide concentrations and concluded:  

“Before 1960, agricultural expansion, including livestock production, may have caused 

globally significant mining of soil nitrogen, fuelling a steady increase in atmospheric nitrous 

oxide. After 1960, the rate of the increase rose, due to accelerating use of synthetic nitrogen 

fertilizers. Using a regression model, I show that 2.0% of manure nitrogen and 2.5% of 

fertilizer nitrogen was converted to nitrous oxide between 1860 and 2005; these percentage 

contributions explain the entire pattern of increasing nitrous oxide concentrations over this 

period.” 

Park et al. (2012) used naturally occurring 15N to distinguish between natural and 

anthropogenic sources of nitrous oxide, and confirmed that increased atmospheric nitrous 

oxide concentrations is primarily due to increased use of nitrogen-based fertilizer. 

Nitrous oxide is a greenhouse gas that is important to consider in agriculture in Abbotsford for 

four reasons. 

1. Nitrous oxide “leakage” in the nitrogen cycle can’t be avoided. 

2. Nitrous oxide emission occurs during nitrification – the conversion of ammonium to 

nitrate, a microbially mediated process in the presence of oxygen in soil amended with 

manure or fertilizer, in soil following deposition of ammonia, or in surface waters 

contaminated with ammonium (IPCC 2007). 
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3. Nitrous oxide emission occurs during denitrification – the conversion of nitrate back to 

atmospheric N2, a microbially mediated process in the absence of oxygen in soil or manure, 

following manure or fertilizer application to the field, or in surface or groundwater 

contaminated with nitrate (IPCC 2007). 

4. Increased ammonia emission increases nitrous oxide emission. 

 

4.1.2 Nitrous Oxide Emission Naturally Occurs as Part of the Nitrogen Cycle 

The best way to understand the 

importance of nitrous oxide is to 

show it using a simplified nitrogen 

cycle (Figure 14). 

All of the nitrogen fixed from the 

atmosphere either through fertilizer 

manufacture, N fixation by legumes, 

or nitrate production by lighting 

enters the nitrogen cycle is returned 

to the atmosphere via a process 

called denitrification. There is 

significant nitrogen cycling within 

this simplified cycle, especially 

between organic nitrogen, ammonium and nitrate. As per diagram above, nitrous oxide 

emission occurs during internal cycling as well, during the transformation from ammonium to 

nitrate. This process is called nitrification. 

 

4.1.3 Nitrous Oxide is Emitted During Denitrification 

Denitrification is defined as the “microbial reduction of nitrate or nitrite to gaseous nitrogen, 

either as molecular nitrogen or as an oxide of nitrogen” (Soil Science Society of America 1979). 

When nitrous oxide was first considered an important greenhouse gas, it was considered that 

denitrification was the main contributor 

because N2O was a known intermediate gas in 

the microbially mediated denitrification 

process. The final product of denitrification is 

atmospheric nitrogen, which represents the 

final step in the nitrogen cycle. 

Figure 15. Simplified nitrogen cycle showing where nitrous oxide 
emission occurs. 

Figure 16. Nitrogen species change from nitrate to dinitrogen 
during denitrification, showing nitrous oxide as an 
intermediate. 

https://johnpaulprofessional.files.wordpress.com/2013/04/denitrification-steps.jpg
http://johnpaulprofessional.files.wordpress.com/2013/04/n-cycle.jpg
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The amount of N2O emitted during denitrification depends on process conditions. There are 

three key factors required for denitrification to occur. 

1. Nitrate (NO3
-) needs to be present 

2. Denitrifying bacteria require a carbon source as an energy source 

3. No oxygen (O2) present, otherwise the microbes use O2 as the electron acceptor 

 

4.1.4 Nitrous Oxide is Emitted During Nitrification 

Nitrification is the biological conversion of 

reduced nitrogen in the form of ammonia or 

ammonium to organic N or oxidized N in the 

form of nitrate or nitrite (Norton and Stark 

2011). The understanding that nitrous oxide 

emission could occur as a result of nitrification 

was relatively recent (Bremner and Blackmer 

1981). The contribution of nitrification to total 

nitrous oxide emission appears to be increasing. Park et al. (2011) distinguished that the 

relative contribution of nitrification to global microbial N2O production increased from 13% in 

1750 to 23% in 2005. 

There are two primary conditions that are required for nitrification to occur. 

1. Nitrifying bacteria require oxygen 

2. Ammonium must be present, which is used as an energy source by the bacteria. 

In addition, nitrification is significantly reduced at temperatures greater than 40 C. 

Nitrous oxide emission has also been reported via a process known as heterotrophic 

nitrification, where the nitrifying bacteria utilize carbon as their energy source (Norton and 

Stark 2011). Cai et al. (2010) reported that heterotrophic nitrification increased with increasing 

carbon availability. Paul et al. (1993) also measured increased nitrous oxide emission during 

nitrification when additional carbon was added to the soil. Poth and Focht (1985) also 

introduced the concept of nitrifier denitrification, where heterotrophic nitrifiers are able to first 

oxidize ammonia to nitrite, then reduce the nitrite to dinitrogen, with nitrous oxide as the 

intermediate product. It is important to note that in the nitrifier denitrification process, the first 

step is an oxidative step and hence requires oxygen. 

Addition of carbon does two things, both of which may increase potential nitrous oxide 

emission. The first is that it provides readily available carbon which may increase heterotrophic 

and denitrifier nitrification, and it also increases oxygen demand, which increases the potential 

Figure 17. Intermediates in the nitrification pathway from 
ammonium to nitrate, showing where nitrous oxide is 
emitted. 

https://johnpaulprofessional.files.wordpress.com/2013/04/nitrification-steps.jpg
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for anaerobic microsites in manure, compost or soil. This was also concluded by Petersen and 

Sommer (2011) where they stated: “Readily degradable components serve as an O2 sink, as well 

as a C and energy source for heterotrophic denitrification at oxic-anoxic interfaces” 

There appears to be a number of controlling factors that have been suggested for the amount 

of N2O emitted during nitrification. They include: 

1. Oxygen supply – which may include anaerobic microsites 

2. Carbon supply – which feeds heterotrophic nitrifiers and reduces oxygen supply (Sommer 

et al. 2004) 

3. Carbon supply – which changes microbial population in favor of heterotrophic nitrifiers 

(Paul et al. 1993). 

4. Ammonia concentration - increases N2O emissions due to higher N cycling rates (Hwang et 

al. 2006) 

It appears that all of the above factors are important. The fourth factor – the carbon 

ammonium ratio appears to be contradictory to the second and third, however, it appears that 

the carbon/ammonium ratio is controlled more by the ammonium concentration in this case. In 

preliminary research, we measured N2O emissions from dairy cattle manure that had been fed 

diets varying in protein and found that N2O emissions from the dairy cattle manure amended to 

soil was correlated with the ammonium concentration in the manure (Agriculture and Agri-

Food Canada unpublished data). 

Manure application to soil creates ideal conditions for N2O emission: 

1. soil oxygen supply is reduced because soil pores are blocked and oxygen in the soil is used 

up by the microbes feeding on the carbon in the manure. 

2. manure provides carbon for microbes that reduces the oxygen content in soil and supplies 

food for the denitrifying bacteria. 

3. manure contains ammonium, part of which 

is converted to N2O as a byproduct of 

nitrification to soil nitrate. 

Excess manure application (more application 

than is needed by the crops) is of concern 

because it enhances the conditions for N2O 

emission. Given that N2O emission comprises 

40-50% of GHG emissions from animal 

agriculture, the most likely and potentially 

achievable strategy to reduce greenhouse gas 

Figure 18. We measured N2O emission from soils following 
manure application at Agriculture and Agri-Food Canada in 
1996. 

http://johnpaulprofessional.files.wordpress.com/2013/04/n2o-emissions008.jpg
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emissions from animal agriculture is to implement mandatory nutrient management planning. 

 

4.2 Nitrous Oxide Emission Estimates from Animal Production in Abbotsford 

4.2.1 Nitrous oxide emission estimates for Abbotsford 

A conservative estimate for the baseline N2O emission in Abbotsford is 89,652 tonnes of CO2 

equivalent already in 1991, which is ten times the methane emission from manure 

management.  This was calculated using the IPCC (1996) guidelines, which allowed for both 

direct N2O emissions from manure storage or following field application, and indirect N2O 

emissions resulting from either ammonia volatilization or N leaching. The IPCC guidelines are 

based on nitrogen excreted by animals, or nitrogen applied to soil as fertilizer or manure. For 

the purposes of the present estimate of N2O emissions, N2O emissions from manure storage 

were not included as they had been previously determined to be minimal. The IPCC (2006) 

guidelines use an N2O emission factor of zero for manure stored in anaerobic lagoons, and 0.1% 

for stockpiled poultry litter. 

IPCC (1996) determined that the direct N2O emissions from N applied to soil is 1%, and the 

indirect N2O emissions from NH3 volatilization is 1.6% and the N2O emissions from leached N is 

3%. The IPCC (2006) guidelines used a direct N2O emission rate of 1% for fertilizer and manure 

application to soil, 2% for indirect emission from volatilized NH3 and 3% from indirect emission 

from leached nitrogen. Based on this, N2O emission can be significantly reduced by improving 

the N use efficiency of manure and fertilizer management (minimizing NH3 volatilization and N 

leaching). 

Using atmospheric N2O concentration trends from 1860 onward, Davidson (2009) estimated 

direct and indirect N2O emission from manure and fertilizer management to be 2.0% and 2.5%, 

respectively. Following measurements of crop rotations in five European countries, Petersen et 

al. (2006) estimated direct N2O emissions at 1.6% of N inputs. It must be understood that these 

N2O emissions are in the context of regulations limiting manure N applications to match crop 

requirements. Crutzen et al. (2008) estimated direct N2O emissions of 1%, and an additional 3.5 

to 4.5% from indirect emissions following ammonia volatilization/deposition and 

leaching/runoff. 
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For the purposes of estimating the N2O emissions from Abbotsford in 1991, the excreted 

nitrogen and fertilizer N data from small and large farms in East Abbotsford, West Matsqui, 

North Matsqui and South Matsqui was used (Brisbin 1995). There was a total of 7008 tonnes of 

manure N produced and 2629 tonnes of fertilizer N utilized for a total of 9637 tonnes of N, 

which is then multiplied by a factor of 2% (Davidson 2009), 44/28 to convert N to N2O, and 296 

to convert N2O to CO2 equivalents.  The information in Brisbin (1995) did not differentiate 

between farm types or manure sources. 

Statistics Canada (2011) provides information on animal numbers. Brisbin (1995) provides the N 

excretion rates, which were verified with N excretion rates from pigs and poultry by Smith et al. 

(2010). 

Manure N production was 6964 tonnes in 2011, which is similar to the 7008 tonnes estimated 

in 1991. Fertilizer use data was not available for 2011, but although there was an ongoing 

transition to crops that require less nitrogen, these crops also cannot use manure nitrogen. It is 

assumed that the conservative estimate of 89,264 tonnes of CO2 equivalent as N2O emission is 

still valid. 

Policies that will increase nitrogen use efficiency, particularly from manure should be 

promoted. In a review, Snyder and Fixen (2012) summarized it well in that  

“poorly managed, imbalanced, and inefficient agricultural N use impairs the ability to provide 

food, feed, fiber and biofuel; raises the risks for N loss to groundwater and surface water 

resources; and increases the potential for direct and indirect emissions of the potent GHG, 

N2O.” and ”N2O emissions generally increase with increasing N inputs but usually do not 

increase markedly (nonlinearly) until the applied N inputs appreciably exceed crop N uptake”   

Figure 19. Manure nitrogen produced by animals in 2011, showing dairy and poultry 
being the primary contributors 

http://johnpaulprofessional.files.wordpress.com/2013/05/manure-n-excreted-2011-abbotsford1.jpg
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In a literature review, Van Kessel et al. (2009) reported that when N2O emissions were 

calculated relative to plant yield, N2O emissions were identical with balanced N fertilization, 

but increased substantially when more N was applied than could be utilized by the crop (N 

surplus). 

 

4.2.2 Nitrous oxide emission from poultry litter applied to land 

Poultry manure, which is almost 2/3 of the manure nitrogen production in Abbotsford also 

produces nitrous oxide. When poultry litter is applied to soil, there are two factors that 

may potentially increase N2O emission: 

1. ammonium and organic N in poultry manure – ammonium concentrations in soil 

are positively correlated with N2O emission. 

2. readily available C in poultry manure – increases microbial activity using up oxygen and 

increasing the risk of anaerobic microsites in soil – which leads to increased potential for 

nitrous oxide emission. 

Although anaerobic digestion of poultry manure produces higher gas yields than other animal 

manures (Sakar et al. 2009), the question remains as to how to manage the nutrients from the 

digestate, particularly nitrogen. In a review of anaerobic digestion of poultry litter, Singh et al. 

(2010) concluded that anaerobic digestion does not fulfill the goals of poultry litter nutrient 

disposal. 

Akiyama and Tsuruta (2003) reported that 1.23% of the N applied was emitted as direct N2O 

emission during the growing season following 150 kg N/ha as poultry manure.  The 

corresponding N2O emission following fertilizer application was 0.3% of the nitrogen applied. 

Jones et al. (2005) measured direct 

N2O emission rates of 0.5% to 

2.6% of applied N following two 

applications of poultry manure 

totaling 150 kg N/ha to grassland. 

In comparison, N2O emission from 

sewage sludge pellets was 1.3 to 

4.3% of the applied N, and N2O 

emission from chemical fertilizer 

was 0.1 to 1.4% of applied N. 

Sauer et al. (2009) measured 

significantly higher N2O emissions 

following field application of 

poultry manure compared with 

Figure 20. Measuring nitrous oxide emission from soil following poultry manure 
application at Agriculture and Agri-Food Canada, Agassiz in 1996 

http://johnpaulprofessional.files.wordpress.com/2013/06/laughing-gas-from-poultry-manure.jpg
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chemical fertilizer. They observed that although soil inorganic N increased sharply following 

manure application, peak N2O emission occurred after rainfall events. Sistani et al. (2009) 

measured N2O emission rates of 3.2% and 5.8% of N applied from spring applied poultry litter 

to a corn crop during the growing season. 

Heller et al. (2010) reported that regardless of cultivation practices, direct N2O emissions were 

higher from poultry manure amended soil in Israel than from other inputs, and constituted 

approximately 3% of the applied nitrogen with high rates of poultry litter (up to 1000 kg N/ha). 

They also observed that the soil ammonium concentration explained up to 40% of the 

variability in N2O emission. Following an application of 90 kg N/ha of poultry manure to a silty 

clay and a sandy loam soil for two years, Pelster et al. (2012) reported an average of 1.9% of the 

nitrogen applied was emitted as N2O. 

What about strategies to process poultry manure? Timmenga and Associates (2003) suggested 

pelleting the poultry manure may be a cost effective strategy to move poultry manure nutrients 

to other locations in British Columbia. Hayakawa et al. (2009) reported poultry manure was 

being dried and pelletized in some areas of intensive animal production in Japan. They 

measured 3.9 and 7.1 times higher N2O emission from the pelletized poultry litter than from 

unpelletized poultry manure and chemical fertilizer, respectively. They reported that N2O 

emissions were higher during wetter periods. N2O emissions from the pelletized poultry 

manure ranged from 0.48 to 1.67% of the applied N, compared with 0.17 to 0.27% from the 

poultry manure and 0.07-0.13% from the chemical fertilizer. 

 

4.3 Ammonia Emission is an Indirect Source of Nitrous Oxide  

In addition to nitrous oxide emission from agriculture as a greenhouse gas that affects climate 

change, ammonia is considered an indirect contributor to nitrous oxide. 

 

4.3.1 The indirect effect of ammonia emission is greater than direct N2O emission from soil  

IPCC (1996) determined that the direct N2O emissions from N applied to soil is 1%, and the 

indirect N2O emissions from NH3 volatilization is 1.6%. The IPCC (2006) guidelines increased the 

indirect effect of NH3 emission to 2%.  A greater understanding of ammonia emission is 

required to develop strategies to reduce it. 

 

4.3.2 Initial concerns with ammonia emission were not related to N2O emission 

The initial worldwide effort to reduce ammonia emissions from agriculture in the 1980s was not 

related to greenhouse gas emissions, but more about air quality and other ecosystem effects. 
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Schmidt and Mosel (2007) stated that ammonia emissions rank among the most important 

substances polluting the ecosystems. Germany concluded that 95% of ammonia emissions 

came from agricultural sources in 2001, of which 82% came from animal husbandry. 

Switzerland reported that 90% of ammonia emissions resulted from agriculture already in the 

early 1990s (Reidy et al. 2008). The US National Research Council estimated that 65% of all NH3 

emissions from terrestrial systems come from animal farming systems. 

As a result of ammonia emission contributing to soil acidification and forest dieback, the 

Environmental Management Act in the Netherlands required all liquid manure storages to be 

covered in 1987 to reduce ammonia emissions. In 1994, manure application techniques to 

reduce ammonia emission were implemented. The Gotenburg Protocol (1999) was signed in 

Europe in 1999, whereby the member countries agreed to reduce ammonia emissions by 17% 

by 2010 (Netherland’s reduction target was 43%). Erisman et al. (1998) reported that ammonia 

emission reduction from agriculture was not as easy to achieve as was predicted. 

Ammonia is considered a pollutant in the Fraser Valley. It has been linked with the white haze 

and the formation of small particulate matter. Belzer et al. (1996) measured actual nitrogen 

deposition of 42.5 kg N per hectare resulting from ammonia emission in Abbotsford during a 

portion of the growing season. Environment Canada (1996) estimated that 7600 tonnes of 

ammonia N were emitted from agriculture in the Lower Fraser Valley of BC. Bartholomie and 

Pryor (1998) demonstrated that ammonia mixed with sulphur oxides to form the white haze 

sometimes seen in the Fraser Valley. Giroux et al. (2002) determined that the primary source of 

ammonia was from agriculture in the Fraser Valley. Bittman et al. (2010) identified the dairy 

sector as a primary source of ammonia emissions in the Fraser Valley. 

Foyle (2011) identified ammonia emission as one of the primary air quality concerns in the 

Fraser Valley, both because of its role in fine particulate formation resulting in human health 

concerns, its role in the white haze, and its role in N deposition. They cited a 2005 report 

suggesting that 76% of the ammonia emissions resulted from agriculture. Indirect emissions of 

GHG due to ammonia redeposition was not considered in this report. 

 

4.3.3. Ammonia emission linked to nitrous oxide emission 

IPCC (2006) recommends including ammonia emission as a source of N2O. For example, Skiba et 

al. (2005) reported that 3% of the volatilized ammonia was emitted as N2O following deposition 

around poultry farms. Veldhof et al. (2009) did not include anaerobic digestion in their 

modelling scenarios for ammonia emission abatement in Western Europe. Petersen and 

Sommer (2011) concluded that anaerobic digestion of animal manure would increase ammonia 

emission, based on their extensive work on manure management in Denmark and their 

understanding of the science of manure. In a review of the literature, Hoeksma et al. (2012) 
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concluded that digested manure contained higher ammonium concentration and a higher pH, 

which means that higher ammonia losses would be expected during both storage and following 

field application. Anaerobic digestion was not cited as a strategy for ammonia emission. 

 

4.4 What Does the Literature Tell Us About Nitrous Oxide Emissions from 

Manure and Anaerobic Digestate? 

European modelling suggested that implementing anaerobic digestion reduces N2O emissions 

during manure management, including both manure storage and following field application 

(Leip et al. 2010). Nitrous oxide emission was not included in the protocol for dairy production 

in Canada (ADFI 2008). The science needs to be explored to determine if or how that is really 

true. 

 

4.4.1  Nitrous Oxide (N2O) Emissions During Manure and Digestate Storage 

Nitrous oxide emission from liquid manure or digestate storage is generally understood as 

being negligible because there is no oxygen in the liquid storage. Although there are substantial 

amounts of both carbon and ammonium present in the manure, oxidation of the ammonium is 

required to initiate nitrous oxide emission. Hence, the earlier IPCC (1996) guidelines used a 

nitrous oxide emission factor of 0.001, whereas the IPCC (2006) guidelines give a default value 

of 0 for liquid manure storages without natural crust cover. Nitrous oxide emission from stored 

manure is calculated by multiplying the number of animals by the N excretion of the animal 

and the nitrous oxide emission factor (IPCC 1996, IPCC 2006). Clearly, multiplication by a 

zero emission factor gives zero nitrous oxide emissions during manure or digestate storage. 

Nitrous oxide emission during liquid manure or digestate storage is no longer as simple as first 

considered for two reasons: 

1. development of crusts on manure or digestate storage potentially increase nitrous oxide 

emission (IPCC 2006 uses a nitrous oxide emission factor of 0.005 for liquid manure or 

slurry that have a natural crust cover). 

2. indirect nitrous oxide emission from volatilized ammonia now also needs to be considered 

in greenhouse gas calculations. 

Nitrous oxide emission potential during nitrification as described previously was not well 

understood in developing the 1996 or the 2006 IPCC protocols.  In providing science 

background for the 1996 IPCC guidelines, Jun et al. (1996) stated:  

http://johnpaulprofessional.com/2013/04/18/does-anaerobic-digestion-reduce-nitrous-oxide-n2o-emissions-part-2-manure-and-digestate-storage/
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“Therefore, as fresh dung and slurry is highly anoxic and well-buffered with near neutral pH, 

N2O production is expected to increase with increasing aeration. However, the denitrification 

process that produces N2O requires an anaerobic environment”.   

The IPCC (2006) guidance document states:  

“the production and emission of N2O from managed manures requires the presence of either 

nitrites or nitrates in an anaerobic environment preceded by aerobic conditions necessary for 

the formation of these oxidized forms of nitrogen. In addition, conditions preventing 

reduction of N2O to N2, such as a low pH or limited moisture, must be present.”  

It is now understood that N2O is also produced by either heterotrophic nitrifiers, or via nitrifier 

denitrification as previously discussed. 

Nitrous oxide emission during storage of liquid manure or slurry was considered by most 

scientists to be negligible (Montenay et al. 2001). Harper et al. (2000) measured negligible N2O 

emission from a swine manure lagoon, and even observed that a small but not significant 

absorption of atmospheric nitrous oxide was observed. Sommer et al. (2004) developed a 

model for CH4 and N2O emission during manure management and did not include N2O emission 

during manure management because they determined that it was insignificant. Jungbluth et al. 

(2001) concluded that N2O is difficult to quantify from manure storages because the emission 

rate is so low. Sneath et al. (2006) concluded that N2O emission from dairy manure slurry 

stores in France was close to zero. 

Methane and N2O emissions were measured from manure storages in Abbotsford in 1994 

(unpublished data). Most storage containers produced no N2O as expected, but some of the 

containers produced significant N2O, which was attributed to the development of a surface 

crust. 

In the IPCC (2006) guidelines, the potential for N2O emission from liquid manure due to crust 

formation was acknowledged. Sommer (2006) provided an excellent summary: 

“The bulk of stored slurry is anaerobic and therefore emissions of N2O from nitrification and 

denitrification from the bulk of stored slurry are insignificant. However, a natural or artificial 

surface crust on top of the stored slurry can become a mosaic of anaerobic and aerobic sites 

under drying conditions, thus creating an environment where N2O can be produced. From 

slurry covered with a porous material, N2O emissions increase during periods where 

evaporation exceeds rainfall. Dissolved ammonium can be oxidized by nitrifying bacteria in 

oxic zones, while in anoxic pockets the products of nitrification can be denitrified. During 

periods with rain, ammonium in the surface cover will be leached downward, and the air-

filled porosity will decline, reducing the environment for nitrification and therefore 

denitrification.” (Sommer 2006) 
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Rodhe et al. (2008) observed that N2O emissions were very low from cattle slurry, at most 0.001 

g N2O-N/m2 slurry surface per day. Sommer et al. (2000) measured N2O emissions of up to 25 

mg N/m/h from slurry with surface covers during dry periods in the summer.  Kulling et al. 

(2003) reported N2O emissions that were up to 2.5% of the actual N excreted during 7 weeks of 

storage of liquid dairy cattle manure, primarily due to development of surface crusts on the 

manure storage. 

There are some reports suggesting that N2O emission from digested manures may be higher 

than emissions from undigested manures. Sommer et al. (2000) concluded that total N2O 

emission was higher from digested slurry than non-digested slurry. Amon et al. (2006) 

measured N2O emissions during 80 days of manure storage at 18 C and found that N2O 

emission from anaerobically digested manure was 40% higher than from non-digested manure. 

Clemens et al. (2006) measured higher N2O emission from manure following digestion and 

attributed it to higher ammonium concentration in the digestate. 

The IPCC (2006) greenhouse gas guidelines also include two indirect processes that affect N2O 

emission from manure storage. Ammonia emission and nitrate leaching are included in these 

guidelines. For the purpose of manure and digestate storage, only the first will be considered. 

IPCC (2006) states: 

“Indirect emissions result from volatile nitrogen losses that occur primarily in the forms of 

ammonia and NOx. The fraction of excreted organic nitrogen that is mineralized to ammonia 

nitrogen during manure collection and storage depends primarily on time, and to a lesser 

degree temperature. Simple forms of organic nitrogen such as urea (mammals) and uric acid 

(poultry) are rapidly mineralized to ammonia nitrogen, which is highly volatile and easily 

diffused into the surrounding air. Nitrogen losses begin at the point of excretion in houses 

and other animal production areas (e.g., milk parlors) and continue through on-site 

management in storage and treatment systems (i.e., manure management systems).” 

Nitrous oxide emission measurements and calculation is more complicated, because it does not 

only include actual N2O production from the manure storage, but also NH3 emission from the 

time of excretion through the manure or digestate storage. In a review of the literature 

(Hoeksma et al. 2012) reported that anaerobic digestion results in increased mineral nitrogen 

(primarily as NH3), and higher pH. Both of these factors contribute to higher NH3 emission from 

digestate, which will be discussed in a following section. 

Post digestion management also impacts N2O emission – aeration such as used in trickling 

filters increase both NH3 emission and N2O emission, separation and storage of solids also 

impacts N2O emission.  

Direct N2O emission from liquid manure or digestate storage is minimal, as long as there is little 

or no crust formation, no aeration of the manure or digestate, and assuming no indirect N2O 
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emission due to NH3 loss. Anaerobic digestion does not reduce N2O emissions during manure or 

digestate storage, particularly because of higher ammonium and higher pH following digestion. 

 

4.4.2 Nitrous Oxide Emissions Following Field Application of Manure 

Given that N2O emission reduction during digestate storage is unlikely, the focus is now on 

nitrous oxide emission following field application of manure in order to align with the 40% 

reduction in N2O emission by implementing anaerobic digestion as suggested by the European 

modelling (Leip et al. 2010) or up to 70% in Canada (Vanderzwaag et al. 2011).  This section will 

provide the science of N2O emission from the field.  The microbiology of this process was 

discussed in section 5.3.1 

There are some excellent reviews on N2O emission from soil following manure application 

(Vanderzwaag et al. 2011, Chadwick et al. 2011, and Webb et al. 2010). Some of the main 

manure management factors that affect N2O emission include: 

1. manure application rate – manure applied at higher rates are more likely to create 

anaerobic pockets or microsites in soil where N2O emission is higher. Some research 

suggests that N2O increase is logarithmic with increased application rates 

2. manure application method – it appears that injection may increase N2O emission, 

however, this may be more related to lower NH3 losses and hence greater N availability. 

Webb et al.  (2010) suggested that the slightly greater N2O emission is offset by less 

indirect N2O emission resulting from NH3 emission as well as greater N use efficiency by 

plants. 

3. amount of solids in manure – there are mixed reports on whether a change in solids 

content of manure increases or decreases N2O emission. Manures with lower solids 

content and similar ammonium contents may result in lower N2O emission because the 

manure is less likely to result in anaerobic microsites. Sometimes the opposite may be 

true in that manures with higher solids content may result in higher NH3 emissions and 

lower N2O emissions. Sometimes more dilute manures may increase soil moisture 

content, hence increasing N2O emission. 

4. soil type – heavier textured soils typically hold more water and result in higher N2O 

emission rates 

5. soil conditions – manure application rates during periods when the soil is more likely to 

have a higher moisture content will result in higher N2O emission. 

6. ammonium concentration in the manure – N2O emission rates are more correlated with 

available ammonium in manure than total N. 

http://johnpaulprofessional.com/2013/04/26/does-anaerobic-digestion-reduce-nitrous-oxide-n2o-emissions-part-3-field-application-of-manure/
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Although the modelling of N2O emission reduction from soil focuses on the carbon in the 

manure and its effect on soil oxygen content (Sommer et al. 2004), total N management has a 

major role. Strategies to reduce N2O emission from manure applied to soil focus on increasing 

the efficiency of nitrogen use for crop production.  

“If nitrogen applications were better matched to plant growth, then the efficiency of nitrogen 

fertilization would increase and nitrous oxide emissions would reduce.”  (Russell et al. 2007). 

Olesen et al. (2006) found a linear increase in N surplus with increasing livestock density and 

that N2O emissions increased with increasing N surplus on dairy farms in Europe. Much of the 

N2O emission resulted from indirect sources such as N leaching. They concluded that increasing 

N use efficiency on dairy farms from 12.5% up to 25% would decrease GHG emissions per kg of 

milk by 50%. Petersen et al. (2006) measured N2O emissions from soils on dairy farms in five 

European countries and concluded that the N2O emission was correlated with N input on the 

farm, and that 1.6% of the total N input to the cropping system. They found that ammonium, 

not nitrate, was related to N2O emissions. 

 

4.4.3 Nitrous Oxide Emission From Field Application of Digestate 

Research comparing N2O emissions from undigested manure with digested manure shows 

mixed results. The important factors involved in N2O emission when comparing undigested 

manure with digested manure application will be reviewed, including the following: 

1. Carbon content in the manure – increased carbon increases N2O emission. Anaerobically 

digested manure contains less available carbon 

2. Ammonium concentration – higher ammonium concentrations increase N2O emission 

rates. Anaerobically digested manures have a higher ammonium concentration than 

undigested manures. 

3. Manure pH – higher pH in digestates increase NH3 losss following application to soil, which 

decreases direct N2O emissions. 

Available carbon in manure or digestate has a significant impact on N2O emission potential. In a 

laboratory study, N2O emission was highest when both available carbon and ammonium was 

present (Paul et al. 1993). The authors suggested that the additional carbon may change the 

microbiology in favor of heterotrophic nitrifiers which may leak more N2O. Sommer et al. (2004) 

developed a model describing how additional available carbon in the manure increased the 

oxygen demand and hence created lower oxygen concentrations, thereby increasing N2O 

emission. The logical conclusion was that if the available carbon was removed via anaerobic 

digestion, less N2O emission would be expected. 

http://johnpaulprofessional.com/2013/05/02/does-anaerobic-digestion-reduce-nitrous-oxide-n2o-emission-part-4-field-application-of-digestate/
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Ammonium concentration in the manure or digestate also has a significant impact on N2O 

emission potential. Heller et al. (2010) measured a significant correlation between soil NH4
+ and 

N2O emission. Chadwick et al. (2011) observed that N2O emission rates were correlated with 

readily available N in manure, and not on total N. Paul et al. (1993) measured higher N2O 

emission rates following addition of ammonium and acetate to soil, than following addition of 

nitrate and acetate to soil. This suggests that N2O emission from soil is not simply due to 

increased anaerobic conditions in the soil, otherwise high N2O rates from the soil amended with 

both nitrate and acetate would have been expected. Digested manures typically have higher 

ammonium concentrations than non-digested manure. Paul et al. (unpublished data 1998) also 

measured N2O emissions that were correlated with ammonium concentrations of dairy cattle 

manure fed various diets. 

Manure pH also has a significant impact on direct N2O emission potential from soil mostly 

because it will affect NH3 losses following manure application. Patni and Jui (1985) observed an 

increase in manure pH following disappearance of volatile fatty acids in manure slurry. Paul et 

al. (1993) explained how the pH of manure is balanced by volatile fatty acids that lower the pH, 

and ammonium that increases pH. When the volatile fatty acids are utilized to produce 

methane during digestion, the pH of the manure naturally increases. This also increases the 

potential for ammonia emission following application of digestate. This has been observed in 

several studies. Paul et al. (1998) observed that NH3 emission rates from dairy cattle increased 

with increasing manure pH. 

Amon et al. (2006) showed that digested manure had both a higher pH and a higher ammonium 

concentration than the undigested manure. Both NH3 emission and N2O emission was higher 

from the digested manure than from the undigested manure following application to soil, 

suggesting perhaps that ammonium was a greater controlling factor than available carbon. 

Wulf et al. (2002) measured higher N2O emission on grassland from digested manure slurry 

than from non-digested slurry. They observed the opposite on arable land. They too, measured 

higher ammonium concentration and higher pH in the digested slurry. They also measured 

higher NH3 emission from digested manure on grassland, and suggested that indirect N2O 

emissions resulting from NH3 emission may be very important in estimating greenhouse gas 

potential. 

The 20-40% potential reduction of N2O resulting from anaerobic digestion in Europe is derived 

primarily from the research of Petersen (2009), who measured significantly lower N2O 

emissions from digested slurry compared with undigested slurry. There are two notable 

observations in this study. The first is that the slurry application rates were based on the NH4
+ 

content of the slurry, not on total N, or equal application rates. This meant that the application 

rate of undigested slurry was significantly higher than the rate of digested slurry. The second 

observation was that the soil NH4
+ measured shortly after manure application appeared to be 
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significantly higher with the undigested manure. This suggests that N2O emission is very much 

related to NH4
+ in the manure and balancing manure or digestate application based on NH4

+ 

concentrations becomes a very important part of waste management to reduced N2O 

emissions. 

There are three studies with swine manure that clearly demonstrate a dramatic reduction in 

N2O emission following anaerobic digestion. Vallejo et al. (2006) measured a 40% reduction in 

N2O emission from soil following digested and separated pig slurry compared with raw pig 

slurry. In both of these cases, the primary factor affecting N2O emission reduction is the loss of 

carbon and the decreased solids associated with raw manure. In a three year study, (Chantigny 

et al. 2007) measured 54 to 69% and 17 to 71% lower N2O emission with digested swine 

manure than with raw swine manure in loam soil and in sandy loam soil cropped to forage. 

Bertora et al. (2008) measured a 55% reduction in N2O emission following application of 

digested pig slurry to soil compared with raw pig slurry. They concluded that available carbon 

was the primary factor and NH4
+ content was the secondary factor affecting N2O emissions 

from organic materials applied to soil. 

Collins et al. (2010) reported reduced N2O emissions from soil following application of 

separated dairy manure digestate compared to the undigested manure. In a field study, they 

observed an almost 50% emission reduction in one year, but only a very small reduction in the 

second year. In a laboratory study measuring N2O emission during the first 48 hours, they 

observed higher N2O emission from the digested manure one year, and lower N2O emission the 

second year, compared to the undigested manure. Crolla (2010) measured significantly higher 

NH3 emission from digested manure applied to soil in the spring during two consecutive years. 

They measured higher N2O emission following application of digested manure in one year, and 

slightly lower N2O emission compared to undigested manure in the following year. Herrmann 

(2012) concluded that in some cases, N2O emission was lower in soil following application of 

digestate compared with raw pig slurry, and in other cases, the opposite observation was 

made. Lemke et al. (2012) reported higher N2O emission from undigested manure (4% of total 

N applied) compared with digested swine manure (1.4% of N applied) in Saskatchewan.  Joo et 

al. (2013) measured slightly less N2O emission from soil following digested manure application 

than undigested manure application. They also reported significant CH4 and CO2 emission from 

the storage lagoons following anaerobic digestion, suggesting continued decomposition of 

carbon. 

The N2O model developed described in Sommer et al. (2004) predicted that N2O emission could 

be reduced by more than 50% following anaerobic digestion. Using a modelling approach 

(CAPRI model) for all countries in the EU, Leip et al. (2010) concluded that N2O emission 

following field application was up to 40% lower following anaerobic digestion. Unfortunately, 

the literature does not consistently support these predictions.  
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A consistent N2O emission reduction results from application of digested swine manure to soil, 

but no consistent emission reduction following application of dairy cattle digestate or mixed 

digestate. Is it possible that anaerobic digestion is more likely to be complete in swine manure 

because the pigs are fed primarily grain, which digests very easily? Is it possible that the 

methane potential of dairy cattle manure with or without added organic matter is not reached 

in the anaerobic digestion phase, and that further VFA and methane accumulate in the 

digestate, which then contribute to increased N2O emissions? 

We reviewed the methane emission potential of digestate following anaerobic digestion 

previously, and concluded that a significant amount of methane potential remained in 

digestate. Banks et al. (2013) measured significant concentrations of VFA in the digestate in a 

survey of anaerobic digesters in the UK. Collins et al. (2010) reported that CH4 emission 

from soil amended with digested dairy effluent was not significantly lower than CH4 emission 

from undigested manure, suggesting that significant decomposition was still occurring in the 

digestate. Amon et al. (2006) measured higher CH4 emissions following field application of 

digestate compared with untreated dairy manure.  Joo et al. (2013) measured significant CH4 

and CO2 emission from the stored dairy digestate. 

The potential for N2O emission reduction following anaerobic digestion exists, however, 

continued VFA and CH4 production in digestate fuel N2O emission during nitrification following 

field application. This means that it may not be possible to consistently assign an N2O emission 

reduction factor for anaerobic digestion. 

The research suggests that net N2O emissions following manure or digestate application to soil 

is correlated with the ammonium content of the manure or digestate, and that N2O emission 

increases non-linearly with increased ammonium application to soil. 

 

4.5 Why Implementing Anaerobic Digestion May Increase N2O Emissions 

in Abbotsford 

Science and experience elsewhere shows that efforts to reduce GHG emissions from dairy 

farms in Abbotsford by implementing anaerobic digestion may increase the farm’s GHG 

emissions for three reasons: 

1. British Columbia has no mandatory nutrient management planning, which means that 

there are already significant nitrogen surpluses already on dairy farms – both direct and 

indirect N2O emissions are higher as the nitrogen surplus increases. 

2. In order for anaerobic digestion to be financially feasible, additional off-farm organic 

waste needs to be imported to increase CH4 production and gain revenue from tipping 

http://johnpaulprofessional.com/2013/05/09/why-implementing-anaerobic-digestion-may-increase-n2o-emissions-in-abbotsford/
http://johnpaulprofessional.com/2013/05/09/why-implementing-anaerobic-digestion-may-increase-n2o-emissions-in-abbotsford/
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fees. The result is a greater N surplus, and consequently higher direct and indirect N2O 

emissions. 

3. Agricultural land use in the lower Fraser Valley is changing towards crops that require less 

nitrogen and cannot use raw manure or digestate because of Good Agricultural Practice, 

which means that it is becoming less likely to find homes for the digestate without further 

processing. 

 

4.5.1 N2O increases with increasing N surpluses on the farm 

A nitrogen surplus at the farm level is defined by the sum of the total N excretion by animals on 

the farm plus nitrogen fertilizer minus the amount of nitrogen taken up by the crop (Fontein et 

al. 1999). Velthof and Oenema (1997) modelled N2O emissions on three dairy farms in the 

Netherlands and N2O emission was related to N surplus. Using computer modelling, they 

predicted up to 50% decrease in direct and indirect N2O emission in dairy farming in the 

Netherlands by improving animal diets and managing manure to optimize nitrogen use. 

Kuikman et al. (2004) concluded that management measures to improve N use efficiency would 

be the best strategy to reduce N2O emissions from agriculture. They suggested that 

implementing cost effect measures would reduce N2O emission by up to 40%. 

Olesen et al. (2006) found a linear increase in N surplus with increasing livestock density and 

that N2O emissions increased with increasing N surplus on dairy farms in Europe. Much of the 

N2O emission resulted from indirect sources such as N leaching. They concluded that increasing 

N use efficiency on dairy farms from 12.5% up to 25% would decrease GHG emissions per kg of 

milk by 50%. Petersen et al. (2006) measured N2O emissions from soils on dairy farms in five 

European countries and concluded that the nitrous oxide emission was correlated with N input 

on the farm, and that 1.6% of the total N input to the cropping system. They found that 

ammonium, not nitrate, was related to N2O emissions. 

In Abbotsford in 1991 (which included only the Sumas and Matsqui prairies), there was a 

surplus of 157 kg of nitrogen per hectare (Brisbin 1995).  IRC (1994a and 1994b) suggested that 

agriculture was responsible for degraded water quality in the Sumas and Matsqui watersheds. 

Brisbin (1995) further noted that improved manure and fertilizer management may decrease 

the surplus to 52 kg of nitrogen per hectare, which falls within the accepted surplus of 50-100 

kg N per hectare which was likely to reduce the risk of polluting surface and groundwater. 

Decreasing the N surplus would reduce both the direct and indirect emissions of N2O. 
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4.5.2 Manure Policies Have Reduced N2O Emissions in the Netherlands 

In the Netherlands, the manure policy focussed on limiting phosphorus application in the early 

1990s. The result was lower application rates for both phosphorous and nitrogen. Farmers 

implemented strategies to increase the efficiency of nitrogen use such as manure injection to 

minimize NH3 emission, larger manure storages to eliminate spreading in the fall and winter 

and utilize the manure well during the growing season. N2O emissions were reduced by up to 

50% as a result (Velthof and Oenema 1997). Fontein et al. (1999) suggested that the greatest 

incentive to reduce the environmental risk of N pollution was to introduce a levy based on N 

surplus, which would decrease fertilizer use, but not change manure use as much. 

In 1998, policy shifted to N and P use efficiency using MINAS (OECD 2005). OECD (2005) 

reported that implementation of MINAS in 1998 reduced surpluses of N and P by up to 50% in 

three years. Kuikman et al. (2004) concluded that implementation of the manure policy based 

on N surplus would reduce N2O emissions by up to 30%. OECD (2005) noted that up to 85% of 

farmers were able to reduce N and P surplus and as a result, did not have to pay levies. This 

manure policy ultimately failed because of the cost of implementation, and disagreement over 

who would pay for it. OECD (2005) concluded that policy will be directed to application limits 

for manure and fertilizer. 

In British Columbia, there are no manure directives, and no policies for increasing nitrogen use 

efficiency on farms. The Environmental Farm Plan program is a voluntary and confidential 

program financed by the government to try to encourage voluntary best management 

practices. Reducing N surplus to reduce N2O emissions would be solely at the discretion of the 

individual producer. 

 

4.5.3 N2O emission is reduced by increasing efficiency of nitrogen use for crop production 

Strategies to reduce N2O emission from manure applied to soil focus on increasing the 

efficiency of nitrogen use for crop production.  

“If nitrogen applications were better matched to plant growth, then the efficiency of nitrogen 

fertilization would increase and nitrous oxide emissions would reduce.”  (Russell et al. 2007). 

Paul (1999) predicted that the greatest reduction in N2O emissions would result from increasing 

nitrogen use efficiency on the farm, which includes dietary improvements and improved 

management of manure and fertilizer. 
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4.5.4. Additional off-farm waste increases the N surpluses 

According to a report by Brisbin (1995), Abbotsford already has a surplus of N produced on 

dairy farms without adding additional off-farm waste. If additional off-farm waste is imported, 

it may significantly increase nitrogen surpluses on the farm, resulting greater risk of N2O 

emission.  

Frear (2010) measured a 57% increase in total nitrogen on a farm in Washington State that was 

importing 15-20% off-farm wastes for anaerobic digestion. He reported that there are no 

permit requirements for farms importing < 30% off-farm waste in Washington State as long as 

the producers are complying with their nutrient management planning requirements.  The 

Washington State Department of Agriculture (2011) reported that anaerobic digestion facilities 

have created new challenges on dairy farms in that additional nitrogen is imported onto the 

farms. They report that so far, dairies have responded by increasing the amount of land on 

which they apply the manure and digestate. They also report that dairies in Washington require 

a dairy nutrient management plan and are inspected regularly by WSDA for compliance. The 

inspections include a review of manure and digestate storage, and all records of nutrient 

application and crop production. 

Mulleneers (2010) reported that encouraging co-digestion in the Netherlands is a concern 

because nutrients from manure are already in excess.  Gregersen et al. (2007) reported that if 

transportation costs to distribute the anaerobic digestate according to European manure use 

policy, most anaerobic digesters would be unprofitable, even with higher energy prices in 

Europe, and the tipping fees received from the off-farm waste. Frischmann (2012) reported that 

significant cost is associated with transport of nutrients in digestate in order to meet the EU 

Nitrate Directive requirements. 

Importing most off-farm wastes (with some exceptions such as fats, oils and greases) will 

increase the amount of nitrogen imported onto the farm. Without requirements for optimizing 

nitrogen use on farm, increased N2O emission in agriculture by implementing anaerobic 

digestion will be expected. 

 

4.5.5 Agricultural Land Use Changes Limit Off-farm Destinations for Surplus Manure 

Nitrogen 

Agriculture production in the Lower Fraser Valley is intensive, and includes horticulture, nursery 

production, soft fruit production and forage production. Zebarth et al. (1999) reported a 

reduction in field crop production between 1981 and 1991, with a corresponding increase in 

horticultural production. 
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There are reduced opportunities to export 

surplus nitrogen from dairy farms that 

implement anaerobic digestion and import 

additional off-farm waste for two reasons: 

1. there is an increasing amount of land used 

to grow horticultural crops and soft fruits, both 

which have lower nitrogen requirements than 

the silage corn and forage grass typically 

produced on dairy farms, and 

2. Good Agricultural Practice guidelines 

suggest that raw manure (or digestate) should 

not be used for field vegetable or soft fruit 

production within 120 days of harvest. 

This simply means that without further processing of the digestate, which is an added cost, 

there simply is nowhere for this additional nitrogen to go. 

 

4.6 GHG Emissions from Animal Agriculture in Abbotsford 

After reviewing scientific research on animal manure management and its role in GHG 

production for the last number of months, a baseline GHG emission estimate for agriculture 

(dairy and poultry production) in Abbotsford can be established.  

We can see that based on this information, most of the greenhouse gas is nitrous oxide, and 

much of the nitrous oxide results as indirect emission following ammonia emission from poultry 

and dairy barns. 

 

 

Figure 21. There is a significant change in land use to crops 
that are not able to utilize manure or digestate. 

http://johnpaulprofessional.com/2013/07/25/ghg-emission-reduction-from-promoting-anaerobic-digestion-on-dairy-farms-in-abbotsford/
http://johnpaulprofessional.files.wordpress.com/2013/05/blueberry-production.jpg
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The GHG emission estimate is not exhaustive. It does not include CO2 emission from the use of 

energy to operate the farm. It does identify most of the key emissions including methane and 

nitrous oxide. Although ammonia is not a direct greenhouse gas, emissions of NH3 are included 

because of their role as precursors to N2O emission (Liep et al. 2010). 

Anaerobic digestion may be an important part of reducing GHG emissions in Abbotsford, 

however the contribution of methane from manure storage is about 5%, and we have seen that 

due to leakage and additional carbon import on farms, methane emission may not decrease at 

all.  However, it is a costly solution that cannot be implemented without first addressing 

nutrient management, which may include nutrient extraction technology, or mandatory 

nutrient management planning to match nitrogen applications with crop requirements.  

In Europe, implementing anaerobic digestion is one part of the strategy for reducing GHG 

emissions in agriculture. Below are a few recommendations adapted from a presentation on 

GHG reduction strategies in Europe (Pedersen 2009). 

1. use the fertilizer potential of manure and slurry more efficiently 

2. cover and enclose manure storages 

3. better manure application – injection or work into soil immediately after application 

4. improve grassland management to increase carbon in soil 

5. reduce enteric methane production by improving diets and using additives 

6. use manure for biogas production to reduce methane 

  GHG Emissions from Agriculture in Abbotsford 2011 - Baseline Scenario

Methane Nitrous Oxide Ammonia N2O from Ammonia Total

t CH4/yr t N2O/yr t N/yr t N2O/yr CO2 equivalent

 Dairy Cattle & Housing 2459 0 456 14.3 55,881

 Poultry Housing 0 0 1862 58.5 17,322

 Dairy Manure Storage 394 0 182 5.7 9,967

 Poultry Manure Storage 81 0 ND 0 1,701

 Manure and Fertilizer Application 303 655 20.6 6,093

 Total 2,934 303 3,155 99.2

 CO2 Equivalent 61,614 89,688 29,351 180,653

  CO2 Equivalents = CH4*21, N2O*296

  N2O from Ammonia = 2% of NH3-N emitted

  ammonia emission during poultry litter storage not determined

Figure 22. Greenhouse gas emission estimate from agriculture in Abbotsford 
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Abbotsford’s Green Energy Plan promises that implementing anaerobic digestion in Abbotsford 

will reduce GHG and ammonia emissions significantly by 2040 are not supported by science and 

experience in our world.  

5.0 Ammonia Emissions from Animal Agriculture 

5.1 Overview 

Schmidt and Mosel (2007) stated that ammonia emissions rank among the most important 

substances polluting the ecosystems. Germany concluded that 95% of ammonia emissions 

came from agricultural sources in 2001, of which 82% came from animal 

husbandry.  Switzerland reported that 90% of ammonia emissions resulted from agriculture 

already in the early 1990s (Reidy et al. 2008). The US National Research Council  (2002) 

estimated that 65% of all NH3 emission from terrestrial systems comes from animal farming 

systems. 

The Netherlands had been conducting research and implementing regulation to reduce 

ammonia from agriculture since the early 1980s. For example, the Environmental Management 

Act in the Netherlands required all liquid manure storages to be covered in 1987 to reduce 

ammonia emissions. In 1994, manure application techniques to reduce ammonia emission were 

implemented. The Gotenburg Protocol (1999) was signed in Europe in 1999, whereby the 

member countries agreed to reduce ammonia emissions by 17% by 2010 (Netherland’s 

reduction target was 43%). Erisman et al. (1998) reported that ammonia emission reduction 

from agriculture is not as easy to achieve as was predicted. Anaerobic digestion was not part of 

a strategy for ammonia emission reduction in the Netherlands at that time, nor is it today 

(Hoeksma et al. 2012). 

Ammonia is considered a pollutant in the Fraser Valley. It has been linked with the white haze 

and the formation of small particulate matter. Belzer et al. (1996) measured actual nitrogen 

deposition of 42.5 kg N per hectare resulting from ammonia emission in Abbotsford during a 

portion of the growing season.  Environment Canada (1996) estimated that 7600 tonnes of 

ammonia N were emitted from agriculture in the Lower Fraser Valley of BC. Bartholomie and 

Pryor (1998) demonstrated that ammonia mixed with sulphur oxides to form the white haze 

sometimes seen in the Fraser Valley. Giroux et al. (2002) determined that the primary source of 

ammonia was from agriculture in the Fraser Valley. Bittman et al. (2010) identified the dairy 

sector as the primary source of ammonia emissions in the Fraser Valley. 

Foyle (2011) identified ammonia emission as one of the primary air quality concerns in the 

Fraser Valley, both because of its role in fine particulate formation resulting in human health 

concerns, its role in the white haze, and its role in N deposition. They cited a 2005 
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report suggesting that 76% of the ammonia emissions resulted from agriculture. Indirect 

emissions of GHG due to ammonia redeposition was not considered in this report. IPCC (2006) 

recommends including ammonia emission as a source of N2O. For example, Skiba et al. (2005) 

reported that 3% of the volatilized ammonia was emitted as N2O following deposition around 

poultry farms. 

Veldhof et al. (2009) did not include anaerobic digestion in their modelling scenarios for 

ammonia emission abatement in Western Europe. Petersen and Sommer (2011) concluded that 

anaerobic digestion of animal manure would increase ammonia emission, based on their 

extensive work on manure management in Denmark and their understanding of the science of 

manure. In a review of the literature, Hoeksma et al. (2012) concluded that digested manure 

contains higher ammonium concentration and a higher pH, which means that higher ammonia 

losses would be expected during both storage and following field application. Anaerobic 

digestion was not cited as a strategy for ammonia emission. 

 

5.2 Ammonia Emission from Dairy Barns  

5.2.1 Introduction 

Dairy farms in Abbotsford emit an estimated 638 tonnes of ammonia, resulting in an equivalent 

of 3777 tonnes CO2 equivalent GHG emission. 

Increased concern about the pollution effects of ammonia emission from agriculture led to 

considerable research since the mid-90s. Management of manure is important because 75% of 

the nitrogen fed to cattle ends up in the manure. Of that 75%, ammonia emission on large dairy 

farms in Abbotsford was estimated to be 42% of the total nitrogen excreted, or 48 kg N per cow 

per year, based on a nitrogen management model created in the early 1990s (Brisbin 1995). 

Significant ammonia losses occur in the barn following manure excretion, and during manure 

storage. 

It appears that the 1994 estimate was very close to more recent estimates. Using a modelling 

approach, Sheppard et al. (2011) estimated ammonia emission losses to be 46 kg N per cow per 

year on dairy farms in south coastal British Columbia. 

The 1994 model assumed N excretion rates of 116 kg/dairy cow/year (Brisbin 1995). An 

estimated 15% of the excreted N was emitted as ammonia from the free stall barns, 10% during 

storage in manure pits, 5% following spreading if incorporated immediately, and 20% if not 

incorporated. 

Based on this information, dairy farms in Abbotsford in 1991 excreted 1369 tonnes of N, of 

which 1069 tonnes went to manure storage, and 746 tonnes was available for the crop. 
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Ammonia emissions were 177 tonnes from dairy cow housing, 26 tonnes from animal housing 

yards, 120 tonnes during storage and 246 tonnes following manure application to the fields. 

More recent research allowed better estimates of ammonia emissions from our dairy farms in 

Abbotsford. One obvious error in the 1994 model was consistent ammonia emission rates 

during the year, whereas it is now understood that ammonia emission increases with increasing 

temperature. 

 

5.2.2 Nitrogen Excretion Rates per Cow 

The N excretion rate of 116 kg N per cow per year may not reflect changes in genetics and 

higher milk production per cow. Sheppard et al. (2011) provided a review of nitrogen excretion 

rates per cow per year. In their modelling of ammonia emissions, they used a nitrogen 

excretion rate of 160 kg N per cow per year using an average diet containing 15.9% crude 

protein. Nennich et al. (2005) also reviewed the literature and developed a model for N 

excretion by dairy cattle. They reported N excretion rates of 179 kg N per lactating cow per year 

when fed 25 kg dry matter per day with a protein content of 17.5%. 

In British Columbia, Dinn et al. (1998) reported N excretion rates of 154 and 128 kg N/cow per 

year from dairy cows fed TMR diets consisting of grass silage, corn silage and grain. Crude 

protein content of these diets were 18.3 and 16.7%, respectively. Groff and Wu (2005) 

measured manure N excretion rates of 176 to 208 kg N per cow per year with dairy cattle fed 

alfalfa/corn silage diets ranging from 15 to 18.75 % protein. 

The 160 kg N per cow per year for lactating cows suggested by Sheppard et al. (2011) appears 

to be a realistic number to use for N excretion rates for dairy cattle. 

 

5.2.3 Nitrogen Excretion from Dairy Cows in Abbotsford 

Using the N excretion rates from Sheppard et al. (2011) for lactating dairy cows, dry dairy cows, 

dairy calves and dairy heifers, the N excretion from the 13,886 dairy cows (average N excretion 

of 148 kg N/cow/year to account for lactating an non-lactating cows) and 6,377 replacement 

cattle (average N excretion of 35 kg N/animal/year) in Abbotsford can be calculated (Census of 

Agriculture 2011). 

The estimated N excretion from dairy cattle in Abbotsford is 2,282 tonnes of actual N per year 

in 2011, which is 66% or 913 tonnes higher than the estimates provided for 1991 (Brisbin 1994). 
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5.2.4 Ammonia Emission from Animal Housing 

In the 1994 nutrient cycling model, 15% of the excreted nitrogen was lost as ammonia 

consistently throughout the year (Brisbin 1995). It is now understood that ammonia emission 

increases with increasing temperature. Rumburg et al. (2008) observed that ammonia 

emissions were seasonal and ranged from 10 kg NH3/day in the winter to over 80 kg NH3/day in 

the summer from 185 milking cows (20 to 160 kg N per cow per year). 

In a report for the US EPA, Battye et al. (1994) estimated an emission rate of 40 kg NH3 per 

dairy cow per year. Hristov et al. (2011) summarized 27 research reports on ammonia emission 

from dairy barns. The overall average emission was 59 g N/cow/day, or 21.5 kg N per cow per 

year, or 14.5% of a total of 148 kg N excreted per cow per year. They noted that emissions 

ranged from 0.3 to 90 kg N per cow per year. They noted that ammonia losses from dairy 

manure are expected to be greater at higher ambient temperatures and wind speed, in open-

lot facilities, in buildings allowing instantaneous mixing of urine and feces, and with higher 

protein diets. They measured a 25% loss of excreted N as ammonia from a free stall dairy barn 

over a one year period in Pennsylvania. 

Hollman et al. (2008) measured N intake, milk and manure production in a free stall dairy barn 

that was flushed 4 times per day in Virginia during a one year period. The manure excretion 

rate was 170 kg N per cow during the year, with 67.5 or 39% of the manure N unaccounted for 

immediately after flushing. 

In Washington State, Rumburg et al. (2008) concluded that 40 kg N/cow/year or 22% of the 180 

kg N per cow per year excreted was volatilized as ammonia in a free stall dairy barn. 

Paul et al. (1998) measured up to 38% loss of total nitrogen excreted by dairy cattle under 

simulated conditions of a barn floor during a 24 hour period at 25 C. The ammonia emission 

was directly correlated with ammonium concentration in the manure, and was also correlated 

with the protein intake by the dairy cows. It is important to note that there was no mixing or 

disturbance of manure during this period as would be found in a typical dairy barn with cattle 

movement. 

Based on recent research, ammonia emissions from dairy barns in Abbotsford are more likely to 

average 20 to 25% of the N excreted. Therefore, of the 2282 tonnes of N excreted by dairy cows 

in Abbotsford, assuming a 20% loss as ammonia, the total ammonia emission is 456 tonnes per 

year. 

 

5.2.5 Ammonia Emission During Storage and Following Application to the Field 

The 1994 nitrogen management model suggested a 10% loss of total nitrogen during storage, a 

5% loss following field application if incorporated immediately, or a 20% loss if not incorporated 
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(Brisbin 1995). Given these estimates, the greatest losses of ammonia occur in the animal 

housing. Ammonia emission from manure storages in Abbotsford are estimated to be 182 

tonnes per year compared with the 456 tonnes from animal housing. If average of the 5% and 

20% losses following manure application are assumed, there is a total of 205 tonnes of 

ammonia emitted following field application. 

It does not appear that these numbers would change significantly. What may change is the 

timing, because with larger manure storage tanks, more manure is being applied in the early 

spring. Bittman et al. (2010) measured the highest ammonia emission rates in the lower Fraser 

Valley during May, which coincides with the time that most manure is being applied to the land. 

 

5.2.6 Ammonia Emission Contributes to Nitrous Oxide Emission 

The Intergovernmental Panel for Climate Change guidelines recommended including ammonia 

emissions in greenhouse gas calculations. The estimated the indirect effect of NH3 emission on 

nitrous oxide production to 2% (IPCC 2006). Given the estimates of 456 tonnes per year of 

ammonia emission from animal housing, and 182 tonnes per year from storage and land 

application, and given that the carbon dioxide equivalent of nitrous oxide is 296 times, there is 

a total of 3777 tonnes of CO2 equivalent greenhouse gas emissions resulting from ammonia 

emissions in dairy barns.  

 

5.3 Ammonia Emission from Poultry Barns 

5.3.1 Introduction 

Poultry farms in Abbotsford emit an estimated 1862 tonnes of ammonia, resulting in an 

equivalent of 11,023 tonnes CO2 equivalent GHG emission. 

One of the sources of ammonia emission in Abbotsford is our poultry farms. Bittman et al. 

(2010) provided ammonia deposition measurements during and after the Avian Flu in 2004, 

where the poultry farms were depopulated. They observed that ammonia emission and 

deposition increased rapidly in some areas shortly after repopulation. Brisbin (1994) estimated 

20% losses of excreted N as ammonia from broiler production and up to 40% losses from layer 

production. The rationale for the lower emission rate with broiler production was that inclusion 

of bedding reduced ammonia losses. The US EPA (2004) estimated that the average ammonia 

emission from poultry (including broilers, layers and turkeys) was 31% of N excreted. 

The objective is to verify ammonia emission rates during poultry production, and provide an 

estimate of total ammonia emission from poultry production in Abbotsford. This emission rate 

can also be used to estimate indirect N2O emissions. 



Greenhouse Gas Emissions from Animal Agriculture in Abbotsford May 22, 2015 Page 59 
 

5.3.2 Nitrogen Excretion Rates from Poultry in Abbotsford 

There are variations in nitrogen excretion rates from poultry. A few estimates from the 

literature to update the 1994 N excretion rates were provided in the table below. To estimate 

the N excretion from poultry in Abbotsford, the 2011 census data and the best N excretion 

rates available were used (local preferred, otherwise most recent). 

The greatest amount of nitrogen was excreted during poultry broiler production (5,087 tonnes 

of N per year) because of the high animal population, followed by poultry layers (1,238 tonnes 

of N per year), plus additional N excreted from other poultry types. The amount of N excreted 

as manure from poultry in Abbotsford per year was estimated at 7,844 tonnes. 

 

5.3.3 Ammonia Emission from Poultry Broiler Production 

In the 1994 nutrient balance study of agriculture in the Fraser Valley, ammonia emission during 

poultry broiler production was estimated at 20% of N excreted. Paul et al. (1997) reported 

ammonia emission rates of 15% of total N fed to broiler chickens and 24.8% of the excreted N. 

Nitrogen use efficiency by the birds was 43.2%. Ammonia emissions from broiler production 

were estimated at 8.1% of nitrogen intake or about 15% of N excretion in southern California 

(Harper et al. 2010). 

Calvet et al. (2011) calculated an average ammonia emission of 19.7 and 18.1 mg/hour per bird 

during broiler production in southern Europe during the summer and winter, respectively. This 

corresponds to 15% of N excreted based on N excretion rates of 0.86 kg per bird per year 

equivalent. 

Bird Numbers    Nitrogen Excretion Rates (kg N/bird/yr) N Excretion

2011 Census 1994 2000 1997 Tonnes/Yr

chickens 5,914,958 0.6 0.35 0.86 5,087

turkeys 520,050 0.86 1.31 681

other 229,212 0.6 138

broiler breeders 437,955 1.12 491

pullets 526,535 0.34 0.4 211

layers 1,473,317 0.8 0.74 0.84 1,238

Total 9,102,027 7,844

1994 estimates used for Fraser Valley in Brisbin (1994)

2000 estimates in a review by Smith et al. (2000)

1997 local measurements (BC Ministry of Agriculture 1997)

Figure 23. Nitrogen excretion rates from poultry. 
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Battye et al. (1994) suggested an emission factor of 0.167 kg NH3 per broiler per year. In a 

review of the literature, Ritz et al. (2004) reported ammonia emissions rates of 2 to 22% of N 

excreted (based on N excretion rates of 0.86 kg per bird per year). Pescatore et al. (2005) 

reported that in Europe, ammonia emissions are estimated at approximately 20% of N 

excreted, based on replacing bedding after every cycle. They found that ammonia emissions 

increased up to 50% when more than one cycle of broilers was raised on the same bedding. 

It is important to note that both increased moisture content and increased temperature will 

increase ammonia emissions (Miles 2013 and Miles et al. 2013). Our humid winters in particular 

increase the potential for ammonia emission. 

Based on the additional research on ammonia emissions during poultry broiler production, the 

estimated ammonia emissions from the barn at 20% of N excreted will continue to be used. 

 

5.3.4 Ammonia Emission from Poultry Layer Production 

Battye et al. (1994) summarized the literature and estimated a N emission rate of 0.305 kg NH3 

per poultry layer per year, or 30% of N excreted if an N excretion rate of 0.84 kg N per bird is 

assumed. The US EPA (2004) estimated 0.4 kg NH3 or 40% of N excreted. 

Ammonia emission during poultry layer production appears to vary with the type of manure 

management.  Fournel et al. (2012) reported NH3 emissions of 0.032 kg/yr/hen with a manure 

belt system compared with emissions of 0.389 kg/hen/yr with a deep-pit system. Liang (2006) 

reported an average NH3 emission of 0.31 kg/hen/yr from 4 deep pit poultry layer systems 

compared with 0.02 kg/hen/yr from two layer barns using manure belts. Wang et al. (2009) 

reported ammonia emission rates ranging from 0.026 to 0.135 kg from manure belt laying 

systems and was dependent on the time interval for manure removal from the barn. 

Brisbin (1995) did not note any manure belt systems for layer operations, and that most of the 

layer operations used solid pits with no fans to dry the manure. The estimated N emission of 

40% will still be current, based on similar management. 

 

5.3.5 Ammonia Emission from Poultry in Abbotsford 

Using the 2011 Census data, the N excretion rates calculated above based on a review of 

literature, and the ammonia emission factors used in the 1994 study (Brisbin 1995), ammonia 

emission from poultry production in Abbotsford can be estimated. For comparison, the 

emission factors developed by Battye et al. (1994) used for the US EPA were compared. The 

two estimates happen to be remarkably close at 1848 and 1862 tonnes ammonia-N per year. 
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Figure 24. Ammonia emission from poultry production in Abbotsford 

 

5.3.6 Ammonia Emission 

Contributes to Nitrous Oxide 

Emission 

The Intergovernmental Panel for 

Climate Change guidelines 

recommended including ammonia 

emissions in greenhouse gas 

calculations. The estimated the 

indirect effect of NH3 emission on 

nitrous oxide production to 2% 

(IPCC 2006). Given the estimates 

of 1862 tonnes per year of 

ammonia emission from poultry housing, and given that the carbon dioxide equivalent of 

nitrous oxide is 296 times, a total of 11,023 tonnes of CO2 equivalent greenhouse gas emissions 

resulting from ammonia emissions in our poultry barns is calculated.  

 

5.4 Ammonia Emission During Digestate Storage. 

Following anaerobic digestion, there are two potential sources of ammonia emission from the 

digestate. The first is during storage of the digestate, and the second is following field 

application of the digestate.  

Bird Numbers N Excretion Emission1 NH3 Emission Emission Factor2 NH3 Emission

2011 Census Tonnes/Yr % of Excreted tonnes N/yr kg/bird/yr tonnes N/yr

chickens 5,914,958 5087 20% 1017 0.167 813

turkeys 520,050 681 20% 136 0.858 367

other 229,212 138 20% 28 0.117 22

broiler breeders 437,955 491 20% 98 0.598 216

pullets 526,535 211 35% 74 0.170 74

layers 1,473,317 1238 40% 495 0.305 370

Total 9,102,027 7846 1848 1862
1 estimates used for Fraser Valley in Brisbin (1994)
2 from Battye et al. (1994) developed for US EPA

Figure 25. Measuring ammonia emission during broiler production at 
Agriculture and Agri-Food Canada in 1997. 

http://johnpaulprofessional.com/2013/06/27/anaerobic-digestion-reduces-ammonia-emissions-part-2-digestate-storage/
http://johnpaulprofessional.files.wordpress.com/2013/07/nh3-from-poultry.jpg
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Following anaerobic digestion of 

dairy manure, or dairy manure 

codigested with off-farm waste, 

the remaining digestate needs to 

be stored before it can be used as 

a fertilizer in farm fields. In south-

coastal British Columbia, the 

recommended storage period for 

manure is a minimum of 6 

months to accommodate our wet 

winters when manure or 

digestate should not be applied to 

fields and most plants are not 

actively growing. 

Before reviewing the literature on 

ammonia emission from manure 

and digestate during storage, it would be helpful to understand the science of ammonia in 

digestate. In their extensive literature review, Hoeksema et al. (2012) cited many references 

indicating that ammonium concentration and pH is higher in digested manure than in 

undigested manure. The figure below shows what happens during manure storage, and how 

carbon and nitrogen in manure influence pH. 

As shown in the diagram in Figure 25, ammonia release during decomposition of organic 

material results in a pH increase (ammonia wants to pull hydrogen ions out of solution), while 

volatile fatty acid production would tend to reduce pH (VFA puts hydrogen ions into solution). A 

balance is created between ammonium concentration and volatile fatty acid concentration 

which results in a pH near neutral in most manure. If the volatile fatty acids are removed or 

reduced as occurs during anaerobic digestion, the result will naturally be a higher pH. The 

carbonate system is involved in pH balance and buffering as well, but it appears that the 

VFA/ammonia balance is more significant in manure or digestate. Paul and Beauchamp (1989 b) 

found a relationship between volatile fatty acids, ammonia and pH in manure slurries. 

This verifies the observations that pH is normally higher in digestate than in raw manures. The 

ammonium is typically higher because the manure has undergone a more extensive 

decomposition, whereby additional organic N compounds are decomposed to release the 

ammonia. If the pH of digestate is higher, it means that more of the ammonium is in the volatile 

form (NH3) – and hence more ammonia could be volatilized. 

Hansen et al. (2005) reported significantly higher ammonia emission from digested manure 

than from non-digested manure. Immovilli et al. (2008) reported that storage of anaerobically 

Figure 26. Dynamics of VFA production (represented by acetate) and ammonia 
production during storage of liquid manure. 

http://johnpaulprofessional.files.wordpress.com/2013/06/ammonia-vfa-ph-balance.jpg
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digested cattle manure resulted in approximately 50% greater ammonia emission than 

undigested manure. Weaver et al. (2012) observed that ammonia emission during lagoon 

storage of digested hog manure was 47% higher than emission from undigested hog 

manure.  Harrison et al. (2013) concluded that ammonia emissions were greater during storage 

of anaerobically digested manure than raw manure. 

Linke et al. (2013) recommended that all digestate storage should be covered to allow capture 

of the significant amount of CH4 that is still produced during digestate storage. This would 

reduce ammonia emissions as well, at least until the digestate was land applied. Most 

anaerobic digesters do not have sealed storage of digestate, and this has not been proposed as 

a requirement for anaerobic digestion in British Columbia. 

The Netherlands required all manure storages to be covered since the 1990s to reduce the 

impacts of ammonia emission on the surrounding environment. Sutton and Erisman (1999) 

observed that the regulatory measures to reduce ammonia emission were not working, 

suggesting that the ammonia emission may be simply delayed until the manure is applied to the 

field. 

Ammonia emission from storage of liquid manure or digestate also increases with temperature 

(Li 2009). There are two factors that contribute to this: 

1. higher ammonium concentrations are expected because there is more decomposition of 

solids at higher temperatures. 

2. more methane production and emission (even following digestion) during storage is 

expected, which means that VFA are not accumulating to counter the high pH of 

ammonia. 

There are methods of reducing ammonia emission following anaerobic digestion. This involves 

strategies to make nitrogen disappear such as nitrification/denitrification, or by ammonia 

stripping. Ammonia stripping involves gas flow, pH changes and temperature. De la Rubia et al. 

(2013) found that ammonia removal from digestate could be increased by increasing gas flow 

(exposure of liquid to gas to allow ammonia to be removed), increasing pH (to drive more 

ammonium to its volatile form as ammonia), and by increasing temperature. In essence, 

ammonia stripping is simply exaggerating the conditions by which increased ammonia emission 

during storage is expected by artificially increasing pH further and increasing exposure to air. 

Options to either make nitrogen disappear, or to capture ammonia from the digestate are not 

part of the anaerobic digestion process, but are necessary steps to manage the large amounts 

of anaerobic digestate produced during digestion. Anasruron et al. (2010) reported that further 

processing of digestate in Europe is inevitable because of the negative environmental impacts 

of digestate (odor, N2O emission and nitrate leaching), and because of the high transport costs 

to utilize digestate as a fertilizer. 
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5.5 Ammonia Emission Following Digestate Application to Land 

In their review of the literature, Hoeksma et al. (2012) found at least 12 references to support 

each of the three following observations: 

1. Ammonium concentration of digestate is higher than manure 

2. pH of digestate is higher than manure 

3. the dry matter of digestate is lower than manure 

They suggested that although the pH and ammonium concentrations of digestate are higher, 

which increases the potential for ammonia emission, the lower dry matter content may lead to 

better infiltration into the soil resulting in lower ammonia emission. 

Hansen et al. (2005) reported lower ammonia emission following anaerobic digestion. Most 

research reports higher ammonia emission following application of digestate to soil compared 

with undigested manure (Sommer et al. 2006, Amon et al. 2006, Clemens et al. 2006, Wulf et al. 

2002, Pain et al. 1990). 

In Canada, Crolla et al. (2011) measured 1.7 times higher ammonia emission following 

application of anaerobic digestate to soil compared with application of raw manure in Ontario. 

Lemke et al. (2012) measured similar emissions of ammonia from digested or undigested hog 

manure in Saskatchewan. 

Although the higher pH in anaerobic digested manures may result in potentially higher 

ammonia emissions following manure application, the pH of undigested manure rapidly 

increases following application as well. Paul and Beauchamp (1989 b) measured 

a rapid VFA oxidation with a corresponding increase in pH from 7.1 to 8.2 within 4 days 

following dairy manure application to soil.  Thompson et al. (1987) reported a 74 and 48% loss 

of manure ammonium within 4 days following a surface application of dairy cattle slurry in the 

fall and winter, respectively. 

In Europe, much of the research on ammonia emission following manure application was 

conducted already during the 1980s. Pain and Thompson (1989), and Van der Molen et al. 

(1989) observed that most of the ammonia emission occurred within 24 hours following 

manure application to soil in the UK and in the Netherlands, respectively. 

Following almost 30 years of ammonia emission research in Europe, it appears that no one has 

concluded that anaerobic digestion is a strategy to reduce ammonia emission. In Europe, efforts 

to reduce ammonia emission following manure application to soil concentrated on manure 

application techniques. 

http://johnpaulprofessional.com/2013/07/04/anaerobic-digestion-reduces-ammonia-emissions-part-3-digestate-application/
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6.0 Does On-Farm Anaerobic Digestion Improve Nutrient Management 

and Water Quality? 

Additional stated benefits of anaerobic digestion include: 

1. better nutrient management on agricultural lands 

2. improved surface and ground water quality 

Improved surface and ground water quality can be distinguished into two categories – nutrients 

and potential pathogens.  

 

6.1 Nutrient Management and Water Quality Due to Nutrients 

The claims of better nutrient management on agricultural lands and improved surface and 

ground water quality is only possible with policies that limit nutrient application to the land.  

The BC Ministry of Agriculture (2008) stated that the co-benefits of anaerobic digestion 

included “reduced nutrient runoff in lakes and rivers.” The BC Ministry of Agriculture (2011) 

stated that  

“finding economical ways to manage manure in an environmentally responsible manner is a 

challenge for livestock producers in BC and anaerobic digestion of manure is seen as an 

improvement over conventional manure treatment options.”  

How does anaerobic digestion that improves water quality? Additional off-farm wastes are 

required for an economically viable anaerobic digestion process, which means that additional 

nutrients are imported to the farm. It is only when the nutrients in the digestate are managed 

in a sustainable manner that there may be improved nutrient use efficiency. This requires 

further policy, regulation and enforcement.   

It appears that the province of BC and the agricultural industry acknowledged concerns with 

water quality. The Ministry of Agriculture (2011) also stated that  

“agricultural land in this area (south coastal BC) is currently under excessive nutrient pressure 

and the criteria were developed to prevent this situation from worsening and causing 

environmental impacts to surface and ground water….” 

Environment Canada (2011) reported that the Sumas River recorded concentrations of nitrogen 

that exceeded CCME guidelines for the protection of aquatic life. 

The potential impact of agriculture on surface water quality in Abbotsford has been a concern 

for a number of years (BC Ministry of Environment 1994, Top et al. 1997). BC Ministry of 

Environment (2004) concluded that:  

http://johnpaulprofessional.com/2013/08/30/does-on-farm-anaerobic-digestion-improve-nutrient-management-and-water-quality/
http://johnpaulprofessional.com/2013/08/30/does-on-farm-anaerobic-digestion-improve-nutrient-management-and-water-quality/
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“the agricultural land base of the Sumas Prairie has not increased significantly since 

expansion of agriculture following the draining of Sumas Lake; however, the intensity of 

operations has increased dramatically with a trend towards densification of livestock 

operations. The intensification of livestock operations has resulted in more animal waste 

being generated (and disposed of) on a land base that may not be capable of assimilating the 

waste. Agricultural census data and waste management survey data suggests that over 50 

percent of the agricultural land base in the Sumas watershed receives excess nutrients that 

potentially contribute to water pollution.” 

It is possible that anaerobic digestion can improve nutrient management and water quality only 

if further nutrient recovery systems are mandated, implemented and enforced.  

It must be understood that at the present time,  

“nutrient management plans are not currently mandatory or enforceable in British 

Columbia…Under the Environmental Farm Plan (EFP program, NMPs are voluntary..” (BC 

Ministry of Agriculture 2011). 

Nutrient management plans are confidential. Under present policy, there is no requirement to 

implement nutrient extraction technologies or improve nutrient management. 

In Europe, policy priorities include utilizing the fertilizer potential of manure and slurry more 

efficiently (Pedersen 2009). Alterra (2011) did not include anaerobic digestion as a strategy to 

improve water quality. They summarized the measures to reduce the risk of nitrogen and 

phosphorous leaching or run-off from farming practices in Europe as part of the Nitrates 

Directive: 

1. Respect periods when land application of fertilizers (or manure) is inappropriate or 

prohibited. 

2. Consider the capacity and construction of manure storages. 

3. Limit fertilizer application. 

4. Respect the EU limit of 170 kg N per hectare per year from livestock manure. 

5. Consider land application of fertilizers to steeply sloping ground. 

6. Limit land application of fertilizers to water saturated, flooded, frozen or snow covered 

ground. 

7. Limit application of fertilizers near water courses. 

8. Develop procedures for land application. 

9. Consider land use management, including the use of crop rotations and the proportion of 

land area devoted to permanent crops. 
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10. Maintain a minimum quantity of vegetation cover during rainy periods. 

11. Establish fertilizer plans on a farm by farm basis. 

12. Avoid excessive irrigation that may move nutrients below the root zone. 

Under the present economic climate for anaerobic digestion, it is more likely that water quality 

will actually decrease for two reasons: 

1. additional off-farm waste (and nutrients) are required to make anaerobic digestion 

profitable. 

2. there are no mandatory requirements for sustainable nutrient management in 

agriculture at this time. 

 

6.2 Does On-Farm Anaerobic Digestion Reduce Potential Pathogens? 

The BC Ministry of Agriculture stated that on-farm anaerobic digestion would reduce pathogens 

by over 90%. How does a 90% pathogen reduction compare to required BC Ministry of 

Environment standards requiring less than 1000 CFU/g fecal coliform for land application of 

organic matter (OMRR 2002)? Agricultural waste is except from these standards. What does it 

mean when off-farm waste is imported onto the farm? 

Water quality is important. In a presentation on Good Agricultural Practice guidelines, it was 

identified that manure/compost and irrigation water are two critical potential entry points for 

potential pathogens for our locally produced fruits and vegetables. Elevated fecal coliforms in 

some of our local waters were reported already in 1994. The BC Ministry of Environment (1994) 

concluded that fecal coliform densities in the Sumas River indicated that this water should not 

be used on vegetables that are eaten raw. In 1997, research showed that fecal coliform in the 

Matsqui Slough were generally below 5000 CFU/100 mL, but on occasion approached 15,000 

CFU/100 mL or higher (irrigation water requires less than 1000 CFU/100 mL)(Top et al. 1997). 

Fecal coliforms were regularly above irrigation water quality limits in study completed in 2004 

(BC Ministry of Environment 2004). This study also concluded that  

“elevated levels of fecal coliforms occurred throughout the year suggesting that 

management of agricultural waste in the watershed is a persistent problem and not just 

limited to the fall and winter months (when land application is precluded and storage 

capacity may be limited).”  

http://johnpaulprofessional.com/2013/08/09/does-on-farm-anaerobic-digestion-reduce-potential-pathogens/
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6.2.1 Potential Pathogens Exist in Animal Manures 

Pell (1997) summarized some of the potential microbial risks with dairy cattle manure. In a 

review of the literature on potential pathogens in manure, particularly swine manure, Guan and 

Holley (2003) concluded: 

“elimination of pathogens from manures used as fertilizer is a critical control point for 

managing the pathogen problem on crops used as feed and food and in managing the 

microbial safety of the water supply.” 

 

6.2.3 On-Farm Digestion Dramatically Reduces Potential Pathogens in Manure 

On-farm anaerobic digestion reduces potential pathogens in the manure by over 90% in most 

cases. Wright et al. (2001) reported that fecal coliforms in manure on a farm in upstate New 

York decreased from 3.8 million to 3,400 CFU/g. Fecal coliform counts in digestate from two 

other farm digesters had reduced to just over 10,000 CFU/g. Harrison et al. (2005) reported 

that potential pathogen reduction was greater than 98% following anaerobic digestion in most 

cases, but that anaerobic digestion of dairy manure would not remove all biosecurity hazard. In 

Ontario, Crolla (2010) reported 70-95% pathogen reduction during anaerobic digestion on two 

dairy farms. For example, E. coli counts reduced from 1-6 million to approximately 30,000 

CFU/100 mL. Pandey and Soupir (2011) reported that potential pathogens during anaerobic 

digestion of dairy manure in Iowa were destroyed in less than 4 days at thermophilic 

temperatures (52.5 C), but required 40 days at 37 C, and more than 60 days at 25 C. 

Crolla et al. (2011) measured E.coli and Salmonella in drainage water following application of 

either raw or digested dairy cattle manure. They measured a log higher bacteria count following 

application of raw or digested manure compared with the control (no manure), but observed 

no differences between manure treatments. 

 

6.2.4 European Regulation Requires Additional Pathogen Reduction Steps 

In Europe, Bendixen and Ammendrup (1995) concluded that most biogas plants in Denmark 

that operate at mesophilic temperatures (below 50 C) have a potential pathogen reduction of 

1-2 log units (10 – 100 times reduction). They reported that additional sanitation tanks were 

needed to ensure adequate potential pathogen reduction, as most digesters in Denmark are 

receiving off-farm industrial waste. Smith et al. (2005) reported that potential pathogenic 

bacteria were destroyed in digesters operating at thermophilic temperatures but not at 

mesophilic temperatures in the UK. They also reported a 1.5-2 log reduction of E. coli during 

anaerobic digestion. The European requirements in compost and digestate are less than 1000 E. 
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coli/g dry solids and no Salmonella in 25 g (Smith et al. 2005). In a review of potential pathogen 

inactivation during anaerobic digestion, Sahlstrom (2003) concluded that pathogen destruction 

is related to temperature and that in most cases, pasteurization of the waste before digestion 

was recommended. 

 

6.2.5 Canadian Pathogen Reduction Requirements for Anaerobic Digestion 

Both British Columbia and Ontario require additional pathogen reduction steps for on-farm 

anaerobic digestion when off-farm wastes are imported onto the farm. In British Columbia, 

anaerobic digesters importing non-agricultural feedstock are required to pretreat for 1 hour at 

70 C, or as specified by the Qualified Professional and approved by the BC Ministry of 

Environment. In Ontario, Regulation 267/03 requires that  

“off-farm AD material listed in Schedule 2 must be treated for at least 1 h at no less than 70 

°C, or at least 20 h at no less than 50 °C. These materials prior to treatment must be small 

enough to pass through a screen whose largest opening has an area of 2.5 cm2.” Ontario 

Ministry of Agriculture and Food (2012). 

In British Columbia, there is a draft regulation where only when off-farm waste exceeds 25%, is 

there any requirement for microbial testing requirement or minimum standards for the 

digestate following anaerobic digestion, which then requires the internationally accepted 

standard of less than 1000 CFU/g (BC Ministry of Environment 2002). With anaerobic digestion 

of farm waste, or farm waste plus up to 25% off-farm waste, there is no requirement for 

minimum potential pathogens in the digestate that is to be land applied. Until the draft 

regulations come into effect, there are no pathogen reduction requirements for anaerobic 

digestion. 

With the intensive co-existence of soft fruits and vegetables with our animal agriculture, and 

the internationally accepted Good Agricultural Practice guidelines for fruits and vegetables, it is 

important to consider E. coli and other potential pathogens in irrigation ditches, and how 

anaerobic digestion may decrease the risks. 

 

7.3 Antimicrobials and antimicrobial resistance 

7.3.1 Potential Human health Impacts of Antimicrobials used in Animal Production 

In 1998, the medical community reported increased concern about sub therapeutic antibiotic 

use in animals: 

“The use of antibiotics to promote growth in livestock animals is one of the culprits. 

Antibiotic-resistant bacteria arising from agricultural practices enter human environments 



Greenhouse Gas Emissions from Animal Agriculture in Abbotsford May 22, 2015 Page 70 
 

and move about with people and goods, thus creating transborder resistance. Not until 

recently did we suspect that the broad agricultural use of antibiotics could lead to 

widespread resistance in bacteria and the attendant effects on patients in health care 

settings and, after their discharge from institutions, the community at large.”  

“We now need to convert our concern into action. Canada and other nations must support 

and implement the recommendations that have been made. It is time to recognize the true 

costs of antibiotic use in agricultural practice in terms of antibiotic resistance and its 

consequences on the sustainability of susceptible bacterial flora in the environment and to 

act accordingly.” Khachatourians (1998) 

In 2014, a report on the human health impact of antimicrobial resistance stated: 

The results show a considerable human and economic cost. Initial research, looking only at 

part of the impact of AMR, shows that a continued rise in resistance by 2050 would lead to 

10 million people dying every year and a reduction of 2% to 3.5% in Gross Domestic Product 

(GDP). It would cost the world up to 100 trillion USD.” 

“The human impact of AMR is more than large enough on its own to justify a major 

intervention, to avert what threatens to be a devastating burden on the world’s healthcare 

systems.”  (O’Neill 2014). 

 

7.3.2. Fate of Antibiotics used in Animal Production 

Animals are fed antimicrobials as growth promoters to swine, cattle and poultry, of which 17 to 

90% is excreted in the feces and urine (Masse et al. 2014). This leads to increased concerns 

about the potential of antimicrobial resistance in the environment. They suggested that  

“surface waters, agricultural soils and groundwaters may become reservoirs to antibiotics 

because of the current manure management practices.” 

In their review of the literature, Masse et al. (2014) reported that many antibiotics are 

degraded during aerobic decomposition (composting), are expected to degrade faster during 

anaerobic digestion than following direct application to soil. They noted that there is little 

research available on antibiotic degradation during anaerobic digestion of animal manure.  

The US EPA (2013) also concluded that biological treatment of manure that included heat in an 

aerobic environment provided the greatest potential for destruction of antibiotics in manure. 

In Canada, McAllister (undated) cited a 2008 Canadian government report stating that 

1,615,571 kg of antimicrobials used for livestock compared with 197,753 kg use for humans. It 

is important to understand that antibiotics used in animal production are ranked in importance 

to human health, and not all antibiotics used in animal production directly affect human health. 
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McAllister (undated) suggested that antibiotic use in livestock production may directly and 

indirectly affect human health in terms of: 

1. toxicity 

2. effects on microbial diversity 

3. promoting antibiotic resistance in environment 

where “livestock production practices to reduce use and potential impact on human medicine” 

is an important management strategy in dealing with antimicrobial resistance.   

 

7.3.3. Development of Antibiotic Resistance and Dispersion into the Environment  

The US EPA (2013) reviewed the environmental impacts of manure and concluded: 

“Antimicrobial-resistant pathogen strains can be shed by livestock and poultry and are 

therefore generally found in manure and nearby environments such as surface water, ground 

water, and fertilized cropland.” 

“Research indicates that increased use of antimicrobials in livestock and poultry may be 

related to a greater prevalence of resistant pathogens in manure.” 

Recently in Canada, Marti et al. (2014 a) measured the presence of antimicrobial resistant 

organisms in soil and on vegetables following application of dairy or swine manure. They 

concluded: 

“Overall, consumption of raw vegetables represents a route of human exposure to antibiotic-

resistant bacteria and resistance determinants naturally present in soil. However, the 

detection of some determinants on vegetables grown only in freshly manured soil reinforces 

the advisability of pretreating manure through composting or other stabilization processes or 

mandating offset times between manuring and harvesting vegetables for human 

consumption.” 

Marti et al. (2014 b) further concluded that 

“The relative abundance of several gene targets exceeded background during the growing 

season following a spring application or an application done the previous fall.” 

Recent research indicates more interesting results that suggests that the carbon in manure 
enhances microbial activity in the soil, some of which may already be antibiotic resistant. In 
their recent research, Udikovic-Kolic et al. (2014) concluded 

“These results indicate that manure amendment induced a bloom of certain antibiotic-
resistant bacteria in soil that was independent of antibiotic exposure of the cows from which 
the manure was derived. Our data illustrate the unintended consequences that can result 
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from agricultural practices, and demonstrate the need for empirical analysis of the 
agroecosystem.” 

 

7.3.4 Antibiotic Resistance and Our Poultry Industry 

Antimicrobials used in agriculture and the development of antimicrobial resistance is also a 

specific concern with the poultry industry for two reasons 

1. it is one of our major agricultural industries in Abbotsford, and 

2. poultry manure is normally not recommended to be managed by anaerobic digestion. 

It was estimated that poultry-associated cases in humans of salmonellosis and 

campylobacteriosis in the US in 1995 ranged from $64 million to $ 700 million (Bryan and Doyle 

1995). Fecal contamination or contamination with feathers combined with improper cooking is 

a major source of the illnesses.  Chen and Jiang (2014) identified Salmonella, Campylobacter 

jejuni and Listeria monocytogenes as some of the major human pathogens found in poultry 

litter. They reported that Salmonella  bacteria, with concentrations ranging from 4 to 1.1 x 105 

MPN/g litter, is more frequently isolated from chicken litter as compared to other pathogens.  

Graham et al. (2009) found that 0 to 69% of the bacteria in manure was antibiotic resistant.  

Chen and Jiang (2014) reported that  

“isolation of antibiotic resistant foodborne pathogens from chicken litter raises concerns 

about possible transmission of these bacteria. They suggested that the poultry industry 

should follow prudent management options and safety precautions by establishing more 

effective disinfection guidelines to reduce the population of antibiotic resistant pathogens.”  

The Government of Canada (2015) reported that antibiotic resistance exists in our poultry meat 

in British Columbia. They found 

“Ciprofloxacin resistance in Campylobacter from chicken significantly increased to 26% in 
2013 in British Columbia compared to 2012(8%).” 

 

8.0 Summary Recommendation 

8.1 Dairy and Hog Production 

Anaerobic digestion followed by mandatory nutrient management planning and potential 
pathogen destruction provides the greatest opportunity for environmentally safe management 
of dairy and hog manures. These manures are conducive to anaerobic digestion as they are 
already in a liquid form. 
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A reduction of greenhouse gas emission is not expected from promoting anaerobic digestion on 
hog and dairy farms. Economic requirements to import additional off-farm waste increases the 
potential for net methane emission due to post digestion methane emission.  

Ammonia emission will not decrease by promoting anaerobic digestion. Careful management of 
the digestate and nutrient recovery techniques hold some promise to reduce ammonia 
emission, but they are currently not economically viable, therefore must be legislated and 
enforced for reduced ammonia emission to be potentially realized. 

The greatest potential for anaerobic digestion of hog and dairy manures is the potential 
pathogen destruction, and the increased control of antibiotic resistant organisms from entering 
the environment. 

 

8.2. Poultry Production 

Given that poultry manure is primarily managed as a solid, processing the manure by anaerobic 
digestion is not recommended for several reasons including: 

1. Poultry manure is not conducive to anaerobic digestion because of the high nitrogen 
concentrations that negatively affect the microbes in the digester. 

2. Poultry manure can more easily be managed in its solid form rather than having 
additional water added. 

3. Anaerobic digestion of poultry manure will increase the net methane emission from 
agriculture in that excess methane will continue to be produced following digestion. 

4. Anaerobic digestion of poultry manure will likely increase nitrous oxide emission 
because of the increased water content and free ammonia. 

5. Extraction of nutrients from a liquid digestate are more costly than managing nutrients 
in the solid manure. 

Aerobic decomposition at higher temperatures were documented as being the best strategies 
for reducing antibiotic residues in manure, as well as destroying potential pathogens and 
antibiotic resistant organisms.  

Community Futures funded the development of a business plan to manage poultry manure and 
other agricultural wastes using a composting process already in 2000. This was introduced and 
presented to the City of Abbotsford already in 2003.  

It may be timely and imperative to revisit this strategy for reducing the environmental and 
human health risk associated with antimicrobial resistant organisms in Abbotsford. 

 

This report was prepared by: 

John Paul, PhD PAg 

  



Greenhouse Gas Emissions from Animal Agriculture in Abbotsford May 22, 2015 Page 74 
 

9.0 References 
 

ADFI. 2008. Greenhouse Gas Protocol for the Canadian Dairy Industry. Dairy Farm GHG Quantification 

Protocol (ISO 14064-2 Compatible. Atlantic Dairy and Forage Institute. 

Agriculture and Agri-Food Climate Change Table. 2000. Reducing Greenhouse Gas Emissions from 

Canadian Agriculture - Options Report. Publication # 2028E 

Akiyama, H. and H. Tsuruta. 2003. Nitrous oxide, nitric oxide, and nitrogen dioxide fluxes from soils after 

manure and urea application. J. Environmental Quality 32: 423–431 

Alinsafi, A., N. Adouani, F. Beline, T. Lendormi, L. Limousy and O. Sire. 2008. Nitrite effect on nitrous 

oxide emission from denitrifying activated sludge. Process Biochemistry 43: 683-689. 

Alterra. 2011. Farming practices in relation to water pollution risks: Recommendations for establishing 

Action Programs under Directive 91/676/EEC concerning the protection of waters against pollution 

caused by nitrates from agricultural sources (ND-Act). Alterra, Wageningen-UR. Wageningen. 123 pp. 

Amon, B, V. Kryvoruchko, T. Amon and S. Zechmeister-Boltenstern.  2006. Methane, nitrous oxide and 

ammonia emissions during storage and after application of dairy cattle slurry and influence of slurry 

treatment.  Agriculture, Ecosystems and Environment 112: 153-162. 

Amon, B., M. Frolich, K. Hopfner-Sixt and T. Amon. 2005. Emission inventory for the agricultural sector in 

Austria: state of the art and future developments. In Kuscynski, T., U. Dammgen, J. Webb and A. Myzcko, 

eds. Emissions from European Agriculture. pp. 147-179. 

Amon, B., N. Hutchings, F.P. Vinther, P.D. Nielsen, H.D. Poulsen. I.S. Kristensen and S. Peitrzak. 2011. 

Analysis of methodologies for calculation greenhouse gas and ammonia emissions and nutrient 

balances. Eurostat Methodologies and Working Papers ISSN 197-0375. 

Anasruron, D.F.D, O. Bade and I. Korner. 2010. Nitrogen recovery from biogas plant digestates via solid-

liquid separation and stripping. In Technologies/systems for different manure and organic waste 

treatment options 

Aquerre, M.J., M.A. Wattiaux, J.M. Powell, G.A. Broderick and C. Arndt. 2011. Effect of forage-to-

concentrate ratio in dairy cow diets on emission of methane, carbon dioxide, and ammonia, lactation 

performance, and manure excretion. J. Dairy Sci 94: 3081-96. 

Banks, C.J., S. Heaven, Y. Zhang, M. Sapp and R. Thwaites. 2013. A review of the application of the 

Residual Biogas Potential (RBP) test for PAS110 as used across the UK’s Anaerobic Digestion industry, 

and a consideration of potential alternatives. WRAP final project report, University of Southhampton. 

http://www.biofertiliser.org.uk/images/upload/news_34_PAS110-digestate-stability-review.pdf 

Barthelmie, R.J., and S.C. Pryor. 1998. Implications of ammonia emission for find aerosol formation and 

visibility impairment: a case study from the lower fraser valley, British Columbia. Atmospheric 

Environment 32: 345-352. 

Battye, R. W. Battye, C. Overcash and S. Fudge. 1994. Development and selection of ammonia emission 

factors. Final report for US EPA. 

http://www.biofertiliser.org.uk/images/upload/news_34_PAS110-digestate-stability-review.pdf


Greenhouse Gas Emissions from Animal Agriculture in Abbotsford May 22, 2015 Page 75 
 

BC Bioproducts Association. 2007. Feasibility Study – Anaerobic Digester and Gas Processing Facility in 

the Fraser Valley, British Columbia. 

BC Ministry of Agriculture. 1993. Environmental Guidelines for Dairy Producers in British Columbia. 

Prepared in cooperation with the BC Federation of Agriculture and the Dairy Industry of BC. 

BC Ministry of Agriculture. 1997. Minimizing Pollution from Poultry Manure: 1. Nitrogen. Poultry 

Factsheet. http://www.al.gov.bc.ca/poultry/publications/documents/nitrogen.pdf 

Brisbin, P.E. 1997. Agricultural Nutrient Management in the Lower Fraser Valley. DOE FRAP 1995-27. 

Environment Canada. 

BC Ministry of Agriculture. 2004a. Manure Storage and Use. Strengthening Farming – Right to Farm 

Order No. 870.218-44. http://www.al.gov.bc.ca/resmgmt/fppa/refguide/activity/870218-

44_Manure_Storage.pdf 

BC Ministry of Agriculture. 2004b. Fertilizers and Soil Conditioners.   Strengthening Farming – Right to 

Farm Order No. 870.218-37. http://www.al.gov.bc.ca/resmgmt/fppa/refguide/activity/870218-

37_Fertilizers.pdf 

BC Ministry of Agriculture. 2006. Manure Storage Structures. Farm Structures Factsheet. Order no. 

383.000-1. http://www.agf.gov.bc.ca/resmgmt/publist/300Series/383000-1.pdf 

BC Ministry of Agriculture. 2009. BC’s Agricultural Sector and the Greenhouse Gas Reduction Targets 

Act. 

BC Ministry of Agriculture. 2008. A Crop for the 21st Century: Carbon credits and agriculture in British 

Columbia. 

BC Ministry of Agriculture. 2010. Nutrient Management Reference Guide. Canada-British Columbia 

Environmental Farm Plan Program. BC Agricultural Research and Development Corporation. 

http://www.agf.gov.bc.ca/resmgmt/EnviroFarmPlanning/EFP_Nutrient_Guide/Nutrient_Mgmt_Guide_2

010_documents/NutrientMgmt_RefGuide.pdf 

BC Ministry of Agriculture. 2011. Regulating Anaerobic Digestion in the ALR: Discussion paper and 

Minister’s Bylaw Standards. Draft Dec 15 2011 

BC Ministry of Agriculture. 2012 a. Manure Spreading Advisory #3 2012: South Coast Region August 1, 

2012. http://www.agf.gov.bc.ca/resmgmt/ManureAdvisory/index.htm 

BC Ministry of Agriculture. 2012 b. Manure Spreading Advisory #4 2012: South Coast Region Sept 6, 

2012. http://www.agf.gov.bc.ca/resmgmt/ManureAdvisory/index.htm 

BC Ministry of Environment. 1994. Agricultural Land Use Survey in the Sumas River Watershed – 

Summary Report. Fraser River Action Plan. DOE FRAP 1994-21 

BC Ministry of Environment. 1994. Agricultural Land Use Survey in the Sumas River Watershed – 

Summary Report. Fraser River Action Plan. DOE FRAP 1994-21 

BC Ministry of Environment. 2002. Agricultural Waste Control Regulation. 

http://www.bclaws.ca/EPLibraries/bclaws_new/document/ID/freeside/10_131_92 

BC Ministry of Environment. 2004. Summary of surface water quality sampling on Sumas River and 

Tributaries. Abbotsford, British Columbia. 

http://www.bclaws.ca/EPLibraries/bclaws_new/document/ID/freeside/10_131_92


Greenhouse Gas Emissions from Animal Agriculture in Abbotsford May 22, 2015 Page 76 
 

BC Ministry of Environment. 2010. On-farm Anaerobic Digestion Waste Discharge Authorization 

Guideline. Draft May 14, 2010. 

BC Ministry of Environment. 2012. British Columbia Greenhouse Gas Inventory Report. Victoria, BC. 

BC Ministry of Environment. 2014a. Technical Methods and Guidance Document 2007-2010 Reports. 

Community Energy and Emissions Inventory (CEEI) Initiative. Victoria, BC February 2014. 

BC Ministry of Environment. 2014 b. 2014 B.C. Best Practices Methodology for Quantifying Greenhouse 

Gas Emissions. Including Guidance for Public Sector Organizations, Local Governments and Community 

Emissions. Victoria BC November 2014. 

Beauchemin, K.A., and S.M. McGinn. 2010. Reducing methane in dairy and beef cattle operations: what 

is feasible?  Prairie Soils and Crops Issue 1, Article 3.  www.prairiesoilsandcrops.ca 

Belzer, W., C. Evans and A. Poon. 1997. Atmospheric nitrogen concentrations in the Lower Fraser Valley. 

Environment Canada DOE FRAP 1997-23 

Bendixen, H.J. and S. Ammendrup. 1995. Safeguards against pathogens in Danish biogas plants. Water 

Science and Technology 30: 171-180. 

Bertora, C., F. Alluvione, L. Zavattaro, J.W. van Groenigen, G. Velthof and C. Grignani. 2008. Pig slurry 

treatment modifies slurry composition, N2O and CO2 emissions after soil application. Soil Biology and 

Biochemistry  40: 1999-2006. 

Bertrand, S. and S. Hacala. 2007. Generation and sources of greenhouse gas emission in the dairy 

industry. pp. 10-21 in Bulletin of the International Dairy Federation 422/2007. Reduction of Greenhouse 

Gas Emissions at Farm and Manufacturing Levels. 

Biocap. 2006. The potential for agricultural greenhouse gas emission reductions in the temperate region 

of Canada through nutrient management planning. Soil Resource Group. OMAFRA, Ontario. A Biocap 

Research Integration Program Synthesis Paper. 

Bittman, S. and R. Mikkelsen. 2009. Ammonia emissions from Agricultural Operations: Livestock.  Better 

Crops 93: 28-31. 

Bittman, S., J. Tait, D. Hunt, S. Sheppard, K. Chipperfield and Q. Zheng. 2010. Ammonia emission 

inventory for farms in the Lower Fraser Valley with detailed spatial and temporal resolution. 15th 

International Union of Air Pollution Prevention and Environmental Protection Associations’ World Clean 

Air Congress, Vancouver, BC Sept 2010. http://events.awma.org/IUAPPA/presentations/5D/a151.pdf 

Bittman, S., L.J.P. van Vliet, C.G. Kowalenko, S. McGinn, D.E. Hunt and F. Bounaix. 2005. Surface-banding 

liquid manure over aeration slots: A new low-disturbance method for reducing ammonia emissions and 

improving yield of perennial grasses. Agronomy Journal 97: 1304-1313. 

Boadi, D., C Benchaa, J. Chiquette and D. Masse. 2004. Mitigations strategies to reduce enteric methane 

emissions from dairy cows: Update review. Can J. Anim Sci 84: 319-335. 

Bremner, J. M. and A. M. Blackmer. 1981. Terrestrial nitrification as a source of atmospheric nitrous 

oxide. In. C.C. Delwiche, ed., Denitrification, nitrification and atmospheric nitrous oxide. pp 151-170. 

John Wiley & Sons, New York. 

http://www.prairiesoilsandcrops.ca/


Greenhouse Gas Emissions from Animal Agriculture in Abbotsford May 22, 2015 Page 77 
 

Brisbin, P.E. 1995. Agricultural Nutrient Management in the Lower Fraser Valley. Component Project of 

Management of Livestock and Poultry Manures in the Lower Fraser Valley. Report 4. Environment 

Canada DOE FRAP 1995-27. 

Brisbin, P.E. 1997. Agricultural Nutrient Management in the Lower Fraser Valley. DOE FRAP 1995-27. 

Environment Canada. 

Bryan, F.L, and M.P. Doyle. 1995. Health risks and consequences of Salmonella and Campylobacter jejuni 

in raw poultry. Journal of Food Protection 3: 229-344. 

Cai, Y., W. Ding, X. Zhang, H. Yu and L. Wang. 2010. Contribution of heterotrophic nitrification to nitrous 

oxide production in a long-term N-fertilized arable black soil. Communications in Soil Science and Plant 

Analysis 41: 2264-2278. 

Calvet, S., M. Cambra-Lopez, F. Estelles and A.G. Torres. 2011. Characterization of gas emissions from a 

Mediterranean broiler farm. Poultry Science 90: 534-542. 

Chadwick,  D., S. Sommer, R. Thornman, D. Fangueiro, L. Cardenas, B. Amon and T. Misselbrook. 2011. 

Manure management: implications for greenhouse gas emissions. Animal Feed Science and Technology 

166-167: 514-531. 

Chantigny, M.H., D.A. Angers, P. Rochette, G. Bélanger, D. Massé and D. Côté. 2007. Gaseous Nitrogen 

Emissions and Forage Nitrogen Uptake on Soils Fertilized with Raw and Treated Swine Manure. Journal 

of Environ. Qual. 36: 1864–1872. 

Chen, Z. and X. Jiang. 2014. Microbiological safety of chicken litter or chicken litter-based organic 

fertilizers: a review. Agriculture 4: 1-29 

City of Abbotsford. 2013. Green Energy Plan – Shaping Our Future.  

Clemens, J. M. Trimborn, P. Weiland and B. Amon. 2006. Mitigation of greenhouse gas emissions by 

anaerobic digestion of cattle slurry. Agriculture, Ecosystems and Environment 112: 171-177. 

Collins, H.P., J.D. Streubel, C. Frear, S. Chen, D. Granatstein, C. Kruger, A.K. Alva and S.F. Fransen. 2010. 

Application of AD dairy manure effluents to fields and associated impacts. CSANR Research Report 2010 

– 001. 

Cook, K., and C. Kruger. 2008. Recommendations for the Development of Agricultural Sector Carbon 

Offsets in Washington State. Agriculture Sector Carbon Market Workgroup. 

Cornwall Agri-food Council Development Team. undated. Economic Modelling of Anaerobic Digestion / 

Biogas Installations in a Range of Rural Scenarios in Cornwall. 

http://www.farmingfutures.org.uk/sites/default/files/uploads/economicspresentation1.pdf 

Crolla, A. 2010. Assessment of environmental impacts from on-farm manure digesters. Presentation at 

IEA Bioenergy Task 37. May 27, 2010. 

Crolla, A., C. Kinsley, E. Pattey and A. Thiam. 2011. Environmental impacts from land application of 

digestate. Ontario Rural Wastewater Centre Research Note September 2011. 

http://www.farmingfutures.org.uk/sites/default/files/uploads/economicspresentation1.pdf


Greenhouse Gas Emissions from Animal Agriculture in Abbotsford May 22, 2015 Page 78 
 

Crolla, A., C. Kinsley, T. Sauvez and K. Kennedy. undated. Anaerobic Digestion of Manure with Various 

Co-substrates. Research Note. Ontario Rural Wastewater Center, University of Guelph. 

http://www.uoguelph.ca/orwc/Research/documents/Research%20Notes_Biogas%20Yields.pdf 

Crutzen, P. J. 1970. The influence of nitrogen oxides on the atmospheric ozone content, Q. J. Roy. 

Meteor. Soc. 96: 320–325. 

Crutzen, P.J, I. Aselmann and W. Seiler. 1986. Methane production by domestic animals, wild ruminants, 

other herbivorous fauna, and humans. Tellus. 38B: 271-284. 

Crutzen, P.J., A.R. Mosier, K.A. Smith and W. Winiwarter. 2008. N2O release from agro-biofuel 

production negates global warming reduction by replacing fossil fuels. Atmos. Chem. Phys. 8: 389-395. 

Dairy Farmers of Canada. 2010. Dairy Farmers of Canada’s Sustainable Development Strategy. 

http://dairyinfo.gc.ca/pdf/FIL-IDF2011-%20Sustainable%20Development%20and%20Environment%20-

%20Shelley%20Crabtree_eng.pdf. 

Dammgen, U., B. Amon,  N.J. Hutchings, H-D Haenel and C. Rosemann. 2012. Data sets to assess 

methane emissions from untreated cattle and pig slurry and solid manure systems in the German and 

Austrian emission inventories. Agriculture and Forestry Research 2012 62:1-20. 

Davidson, E.A. 2009. The contribution of manure and fertilizer nitrogen to atmospheric nitrous oxide 

since 1860. Nature Geoscience 2. 659-662. 

De la Rubia, M.A., M. Walker, S. Heaven, C.J. Banks, and R. Borja. 2010. Preliminary trials of in situ 

ammonia stripping from source-segregated food waste digestate using biogas: Effect of temperature 

and flow rate. Bioresource Technology 101: 9486-9492. 

Dejardins, R.L., T.K. Flesch, R.L. Worth, Z. Gao, X. Li and T. Martin. 2010. Quantifying fugitive methane 

emissions from digesters. Methane to Markets Conference, New Delhi, India. 

Dinn, N.E., J.A. Shelford and L.J. Fisher. 1998. Use of the Cornell Net Carbohydrate and Protein System 

and rumen protected lysine and methionine to reduce nitrogen excretion from lactating dairy cows. 

Journal of Dairy Science 81: 229-237. 

Dong, H., J. Mangino, T. McAllister, J.L. Hatfield, D.E. Johnson, K.R. Lassey, M.A. de Lima, and A. 

Romanovskaya. 2006. Emissions from livestock and manure management. Ch. 10 in 2006 IPCC 

Guidelines for National Greenhouse Gas Inventories. 

ECOregon 2009. Dairy Manure Anaerobic Digester Feasibility Study Report. Prepared for Volbeda Dairy, 

Oregon. 

Environment Canada. 1996. Management of Agricultural Wastes in the Lower Fraser Valley. Summary 

Report No. 9. DOE FRAP 1996-30 

Environment Canada. 1997. Sumas and North Matsqui Watersheds. 1997. Farm Practices Survey. Fraser 

River Action Plan. DOE FRAP 1997-48. http://research.rem.sfu.ca/frap/9748.pdf 

Environment Canada. 2011. Water Quality Status and Trends of Nutrients in Major Drainage Areas of 

Canada: Technical Summary. En154-63/2011E-PDF. Government of Canada. 

http://www.uoguelph.ca/orwc/Research/documents/Research%20Notes_Biogas%20Yields.pdf
http://dairyinfo.gc.ca/pdf/FIL-IDF2011-%20Sustainable%20Development%20and%20Environment%20-%20Shelley%20Crabtree_eng.pdf
http://dairyinfo.gc.ca/pdf/FIL-IDF2011-%20Sustainable%20Development%20and%20Environment%20-%20Shelley%20Crabtree_eng.pdf


Greenhouse Gas Emissions from Animal Agriculture in Abbotsford May 22, 2015 Page 79 
 

Erisman, J.W., A. Bleeker and J.A van Jaarsveld. 1998. Evaluation of ammonia emission abatement on 

the basis of measurements and model calculations. Environmental Pollution 102 S1 269-274. 

FAO, 2003. World Agriculture: Towards 2015/2030. An FAO Perspective. FAO, Rome, 97 pp. 

Flesch, T.K. R.L Desjardins, and R.L Worth. (2011) Fugitive methane emissions from an agricultural 

biodigester. Biomass & bioenergy, doi:10.1016/j.biombioe.2011.06.009. 

Fontein, P.F., G.J. Thijssen and J.R. Magnus. 1999. Optimal taxation for the reduction of nitrogen surplus 

in Dutch dairy farms 1975-1989. Chapter 12 in S. Mahendraraja et al., Modelling Change in Integrated 

Economic and Environmental Systems. 

Fournel, S., F. Pelletier, S. Godbout, R. Laglace and J.J.R. Feddes. 2012. Odour emissions, hedonic tones 

and ammonia emissions from three cage layer housing systems. Biosystems Engineering 112: 181-191. 

Foyle, J. 2011. Air Quality Framework for BC Agriculture. 

http://www.fvrd.bc.ca/InsidetheFVRD/MeetingsAgendasMinutes/ExecutiveCommittee/Archived%20Ag

endas/2011%2003%2008%20Executive%20Committee/Item%2007-01%202-

Air%20Quality%20Framework%20for%20BC%20Agriculture%20-Dec%2021%202010%20-Final.pdf 

Frear, C. 2010. Co-digestion: Opportunity and Risk – A Washington State Perspective. Fifth AgStar 

National Conference, Green Bay, WI April 27-28, 2010. 

Frischmann, P. 2012. Enhancement and treatment of digestates from anaerobic digestion. WRAP Project 

Code OMK006-002. 

Gattinger, A., J. Jawtusch, A. Muller and J. Olesen. 2011. Mitigating Greenhouse Gases in Agriculture: A 

challenge and opportunity for agricultural policies.  Dlakonisches Werk der EKD, Stuttgart, Germany. 

Gerber, P.J., H. Steinfeld, B. Henderson, A. Mottet, C. Opio, J. Dijkman, A. Falcucci, and G. Tempio. 2013. 

Tackling climate change through livestock - A global assessment of emissions and mitigation 

opportunities. Food and Agriculture Organization of the United Nations (FAO), Rome. 

Giroux, E., H. Roth, D. Yin and W. Jiang. 2002. Modelling and processing ammonia emissions for 

particulate matter studies in the Lower Fraser Valley. 11th International Emission Inventory Conference, 

Atlanta, GA April 2002. http://www.epa.gov/ttnchie1/conference/ei11/ammonia/giroux.pdf 

Gotenburg Protocol. 1999. Protocol to the 1979 convention on long range transboundary air pollution to 

abate acidification, eutrophication and ground level ozone. 

http://www.unece.org/fileadmin/DAM/env/lrtap/full%20text/1999%20Multi.E.Amended.2005.pdf 

Government of Canada. Canadian Integrated Program for Antimicrobial Resistance Surveillance 
(CIPARS) 2013 Annual Report – Chapter 2. Antimicrobial Resistance. Public Health Agency of 

Canada, Guelph, Ontario, 2015 

Government of Alberta. 2010. Quantification Protocol for Emission Reductions from Dairy Cattle. 

Specified Gas Emitters Regulation. Version 1.0 

Graham, J.P., S.L. Evans, L.B. Price and E.K. Silbergeld. 2009. Fate of antibiotic resistant enterococci and 

staphylococci and resistance determinants in stored poultry litter. Environmental Research 109: 682-

689. 

http://www.fvrd.bc.ca/InsidetheFVRD/MeetingsAgendasMinutes/ExecutiveCommittee/Archived%20Agendas/2011%2003%2008%20Executive%20Committee/Item%2007-01%202-Air%20Quality%20Framework%20for%20BC%20Agriculture%20-Dec%2021%202010%20-Final.pdf
http://www.fvrd.bc.ca/InsidetheFVRD/MeetingsAgendasMinutes/ExecutiveCommittee/Archived%20Agendas/2011%2003%2008%20Executive%20Committee/Item%2007-01%202-Air%20Quality%20Framework%20for%20BC%20Agriculture%20-Dec%2021%202010%20-Final.pdf
http://www.fvrd.bc.ca/InsidetheFVRD/MeetingsAgendasMinutes/ExecutiveCommittee/Archived%20Agendas/2011%2003%2008%20Executive%20Committee/Item%2007-01%202-Air%20Quality%20Framework%20for%20BC%20Agriculture%20-Dec%2021%202010%20-Final.pdf
http://www.epa.gov/ttnchie1/conference/ei11/ammonia/giroux.pdf


Greenhouse Gas Emissions from Animal Agriculture in Abbotsford May 22, 2015 Page 80 
 

Gregersen, K.H., H.B. Moller, S.G. Sommer, T. Birkmose and L.H. Nielsen. 2007. Promotion of biogas for 

electricity and heat production in EU countries. Economic and environmental benefits of biogas from 

centralized co-digestion. PROBIOGAS. An EIE/Altener project, co-funded by the EU Commission. 

Groff, E.B. and Z. Wu. 2005. Milk production and nitrogen excretion of dairy cows fed different amounts 

of protein and varying proportions of alfalfa and corn silage. Journal of Dairy Science 88: 3619-3632. 

Gronauer, A. undated. Renewable Energy from Anaerobic Digestion. Comparison of different 

technologies – the road to success. LfL Tier und Techniek, Bavaria, Germany. 

Guan, T.Y. and R.A. Holley. 2003. Pathogen survival in swine manure environments and transmission of 

human enteric illness – a review. Journal of Environmental Quality 32: 283-392. 

Hanse, T.L., S.G. Sommer, S. Gabriel and T.H. Christensen. 2006. Methane production during storage of 

anaerobically digested municipal organic waste. J. Environ. Qual. 35: 830-836. 

Hansen, M.N., R.S. Birkmose, B. Mortensen and K. Skaaning. 2005. Effects of separation and anaerobic 

digestion of slurry on odour and ammonia emission during subsequent storage and land application. In: 

P. Bernal, R. Moral, R. Clemente and C. Paredes, eds. Sustainable organic waste management for 

environmental protection and food safety. FAO and CSIC 1 pp. 265-269. 

Harper, L., Sharpe, R., Parkin, T., 2000. Gaseous nitrogen emissions from anaerobic swine lagoons: 

Ammonia, nitrous oxide, and dinitrogen gas. J. Environ. Qual. 29 1356-1365. 

Harper, L.A., T.K. Flesch and J.D. Wilson. 2010. Ammonia emissions from broiler production in the San 

Joaquin Valley. Poultry Science 89: 1802-1814. 

Harrison, J., F. Sun, P. Ndegwa, H.S. Joo, L. Whitefield and K. Johnson. 2013. Ammonia Emissions from 

Eight Types of Dairy Manure During Storage. Washington State University. 

http://www.extension.org/pages/67705/ammonia-emissions-from-eight-types-of-dairy-manure-during-

storage. 

Harrison, J.H., D. Hancock, M. Gamroth, D. Davidson, J.L. Oaks, J. Evermann, and T. Nennich. 2005. 

Evaluation of the pathogen reduction from plug flow and continuous feed anaerobic digesters. 

Symposium – State of the Science Animal Manure and Waste Management. San Antonio, TX. Jan. 5-7. 

Hayakawa, A., H. Akiyama, S. Sudo and K. Yagi. 2009. N2O and NO emissions from an Andisol field as 

influenced by pelleted poultry manure. Soil Biology and Biochemistry 41: 521-529. 

Heller, H.  A. Bar-Tal, G. Tamir, P. Bloom, R.T. Venterea, D. Chen, Y. Zhang, C.E. Clapp and P. Fine. 2010. 

Effects of manure and cultivation on carbon dioxide and nitrous oxide emissions from a corn field under 

Mediterranean conditions. J. Environmental Quality 39: 437–448. 

Herrmann, A. 2012. Biogas production from grassland and arable land in Schleswig-Holstein – results of 

the biogas expert project. Faculty of Agricultural and Nutritional Science. Christian-Albrechts-Universitait 

zu Kiel. 

Hoeksma, P., J. Mosquera and R.W. Melse. 2012. Monitoring methane and nitrous oxide reduction by 

manure treatment. Report 627. Livestock Research, Wageningen UR, the Netherlands. 

Holler, H.B., S.G. Sommer and B.K Ahring. 2004. Methane productivity of manure, straw and solid 

fractions of manure. Biomass and Bioenergy 26: 485-495. 

http://www.extension.org/pages/67705/ammonia-emissions-from-eight-types-of-dairy-manure-during-storage
http://www.extension.org/pages/67705/ammonia-emissions-from-eight-types-of-dairy-manure-during-storage


Greenhouse Gas Emissions from Animal Agriculture in Abbotsford May 22, 2015 Page 81 
 

Hollman, M., K.F. Knowlton and M.D. Hanigan. 2008. Evaluation of solids, nitrogen, and phosphorus 

excretion models for lactating dairy cows. Journal of Dairy Science 91: 1245-1257. 

Hristov, A.N., M. Hanigan, A. Cole, R. Todd, T.A. McAllister, P. Ndegwa and A. Rotz. 2011. Review: 

Ammonia emissions from dairy farms and beef feedlots. Canadian Journal of Animal Science 91: 1-35. 

Hwang, S., H. Jang, H. Jang, J. Song and W. Bae. 2006. Biodegradation 17: 19-29. 

Ianotti, F.L and J.R. Fischer. 1983. Effects of ammonia, volatile acids, pH and sodium on growth of 

bacteria isolated from a swine manure digester. Dev. Ind. Microbiol. 25:741-747. 

Immovilli, A., C. Fabbri and L. Valli. 2008. Odour and ammonia emissions from cattle slurry treated with 

anaerobic digestion. http://www.aidic.it/nose2008/webpapers/63Immovilli.pdf 

IPCC (Intergovernmental Panel on Climate Change). 2007. Climate change 2007: Synthesis report (Fourth 

Assessment Report). Cambridge, United Kingdom: Cambridge University Press. 

IPCC. 1996. Module 4. Agriculture. 2006 IPCC Guidelines for National Greenhouse Gas Inventories. 

IPCC. 1996. Revised 1996 IPCC Guidelines for National Greenhouse Gas Inventories. Reference Manual 

Volume 3. Chapter 4. Agriculture. http://www.ipcc-nggip.iges.or.jp/public/gl/guidelin/ch4ref2.pdf 

IPCC. 2006. 2006 IPCC Guidelines for National Greenhouse Gas Inventories. Volume 4. Agriculture, 

Forestry and Other Land Use. Chapter 10. Emissions from Livestock and Manure Management. 

http://www.ipcc-nggip.iges.or.jp/public/2006gl/pdf/4_Volume4/V4_10_Ch10_Livestock.pdf 

IPCC. 2006. N2O Emissions from Managed Soils, and CO2 Emissions from Lime and Urea Application. 

Chapter 11. 2006 IPCC Guidelines for National Greenhouse Gas Inventories 

IPPC. 2000. Good Practice Guidance and Uncertainty Management in National Greenhouse Gas 

Inventories.  J. Penman, D. Kruger, I. Galbally, T. Hiraishi, B. Nyenzi, S. Emmanul, L. Buendia, R. Hoppaus, 

T. Martinsen, J. Meijer, K. Miwa, and K. Tanabe (Eds). Institute for Global Strategies, Japan. 

IRC Integrated Resource Consultants Inc. 1994a. Agricultural Land Use Survey in the Matsqui Slough 

Watershed Summary Report. BC Ministry of Environment, Lands and Parks. Environment Canada. 

Department of Fisheries and Oceans. DOE FRAP 1994-22. 

IRC Integrated Resource Consultants Inc. 1994b. Agricultural, Land Use Survey in the Sumas River 

Watershed Summary Report. BC Ministry of Environment, Lands and Parks. Environment Canada. 

Department of Fisheries and Oceans. DOE FRAP 1996-21. 

Jackson, H.A., N.K. Patni, D.I. Masse, R.G. Kinsman, M.W. Wolynetz, D.J. Buckley, J.A. Munroe, F.D Sauer, 

R. Desjardins and E. Pattey 1994. Measuring greenhouse gas emission from dairy manure slurry. ASAE 

Paper No. 944540. 

Jackson, H.A., R.G. Kinsman, D.I Masse, J.A. Munrow, F.D. Sauer. N.K. Patni, D.J. Buckley, E. Pattey, R. 

Desjardins and M.S. Wolynetz. 1993. Measuring greenhouse gas emissions in a controlled environment 

dairy barn. ASAE Paper No. 934521. 

Janzen, R. 2009. Science Discussion Paper – Certification of a Greenhouse Gas Protocol and Calculator 

for the Canadian Dairy Industry. http://www.adfiresearch.org/GHG/Appendix_B.pdf 

http://www.aidic.it/nose2008/webpapers/63Immovilli.pdf
http://www.ipcc-nggip.iges.or.jp/public/gl/guidelin/ch4ref2.pdf


Greenhouse Gas Emissions from Animal Agriculture in Abbotsford May 22, 2015 Page 82 
 

Jayasundara, S., A. vander Zaag, A. Crolla, and C. Wagner-Riddle. 2011. Potential of anaerobic digestion 

for mitigating methane emissions from manure management in Ontario dairy sector. University of 

Guelph. 

Jepsen, S-E. undated. Co-digestion of animal manure and organic household waste – the Danish 

experience. Ministry of Environment and Energy. Danish EPA. 

http://ec.europa.eu/environment/waste/compost/presentations/jepsen.pdf 

Jones, S.K., R.M. Rees, U.M. Skiba and B.C. Ball. 2005. Greenhouse gas emissions from a managed 

grassland. Global and Planetary Change 47: 201-211. 

Joo, H.S., P.M. Ndegwa, J.H. Harrison, E. Whitefield, S. Fei, X. Wang, G. Neerackal, A.J. Heber and J.Q. Ni. 

2013. Potential air quality impacts of anaerobic digestion of dairy manure. Waste-2-Worth Conference. 

Denver, Colorado, April 3, 2013. 

JRC European Commission. 2010. Evaluation of the Livestock Sector’s Contribution to the EU 

Greenhouse Gas Emissions. Final Report. Joint Research Centre. 

Jun, P., M. Gibbs and K. Gaffney. 1996. CH4 and N2O Emissions from Livestock Manure. Good Practice 

Guidance and Uncertainty Management in National Greenhouse Gas Inventories. 

Jungbluth, T., E. Hartung and G. Brose. 2001. Greenhouse gas emissions from animal houses and manure 

stores. Nutrient Cycling in Agroecosystems 60: 133-145. 

Karimi-Zindashty, Y., J.D. MacDonald, R.L. Desjardins, D.E. Worth, J.J. Hutchinson, and X.P.C. Verge. 

2012. Sources of uncertainty in the IPCC Tier 2 Canadian livestock model. Journal of Agricultural Science 

150:556-559. 

Kebreab, E., K. Clark, C. Wagner-Riddle and J. France. 2006. Methane and nitrous oxide emissions from 

Canadian animal agriculture: a review.  Can J. Anim. Sci 86: 135-158. 

Khachatourians, G.G. 1998. Agricultural use of antibiotics and the evolution and transfer of antibiotic-

resistant bacteria. Canadian Medical Association Journal 159: 1129-1136. 

Klevenhusen, F., S.M. Bernasconi, M. Kreuzer and C.R. Soliva. 2010. Experimental validation of the 

Intergovernmental Panel on Climate Change default values for ruminant-derived methane and its 

carbon-isotope signature. Animal Prod. Sci. 50: 159-167. 

Kuikman, P.J., G.L. Velthof, and O. Oenema. 2004. Controlling nitrous oxide emissions from agriculture: 

experience from the Netherlands. In D.J. Hatch et al., eds., Controlling Nitrogen Flows and Losses. 12th 

Nitrogen Workshop, Wageningen Academic Publishers, University of Exceter, UK. 

Külling, D. R., H. Menzi, F. Sutter, P. Lischer, P. and M. Kreuzer. 2003. Ammonia, nitrous oxide and 

methane emissions from differently stored dairy manure derived from grass- and hay-based rations. 

Nutrient Cycling in  Agroecosystems 65: 13-22. 

Lehtomaki, A., S. Huttunen, T.M. Lehtinen and J.A. Rintila. 2008. Anaerobic digestion of grass silage in 

batch leach bed processes for methane production. Bioresource Technology 99: 3267-3278. 

Leip, A., F. Weiss, T. Wassenaar, I. Perez, T. Fellmann, P. Loudjani, F. Tubiello, D. Grandgirard, S. Monni, 

and K. Biala. 2010. Evaluation of the livestock sector’s contribution to the EU greenhouse gas emissions 

(GGELS) –final report. European Commission, Joint Research Centre. 

http://ec.europa.eu/environment/waste/compost/presentations/jepsen.pdf


Greenhouse Gas Emissions from Animal Agriculture in Abbotsford May 22, 2015 Page 83 
 

Lemke, R.L., S.S. Malhi, F. Selles and M. Stumborg. 2012. Relative effects of anaerobically-digested and 

conventional liquid swine manure, and N fertilizer on crop yield and greenhouse gas emissions. 

http://www.scirp.org/journal/PaperInformation.aspx?PaperID=23401 

Lengers, B. 2011. GHG survey of German agriculture – specific view on dairy production systems. 

Technical paper 2011. Institute for Food and Resource Economics, University of Bonn. 

Levelton Consultants 2005. Analysis of best management practices and emission inventory of 

agricultural sources in the Lower Fraser Valley. Report 404-0342 for FVRD and Environment Canada. 

Li, L. 2009. Ammonia Emissions from Dairy Manure Storage Tanks Affected by Diets and 

Manure Removal Practices. MSc Thesis. Virginia Polytechnical Institute. 

Liang, Y., H. Xin, H. Li, R.S. Gates, E.F. Wheeler and K.D. Casey. 2006. Effects of measurement intervals on 

estimation of ammonia emissions from layer houses. Transactions of the ASABE 49: 183-186. 

Liebetrau, J. 2011. Analysis of greenhouse gas emissions from 10 biogas plants within the agricultural 

sector. Deutsches Biomasse Forshungs Zentrum. 

http://www.dbfz.de/web/fileadmin/user_upload/Vortraege/Vortraege_DBFZ/Vortrag_Jan_Liebetrau_Vi

enna_31082011.pdf. 

Liepzig Institute for Energy. undated. GHG Mitigation by Anaerobic Digestion. 

http://agrienvarchive.ca/bioenergy/download/ghg_ad_liebzig.pdf 

Linke, B., I. Muha, G. Wittum and V. Plogsties. 2013. Mesophilic anaerobic co-digestion of cow manure 

and biogas crops in full scale German biogas plants: A model for calculating the effect of hydraulic 

retention time and VS crop proportion in the mixture on methane yield from digester and from 

digestate storage at different temperatures. Bioresource Technology 130: 689-695. 

Lukehurst, C.T., P. Frost and T. Al Seadi. 2010. Utilisation of digestate from biogas plants as biofertiliser. 

Task 37. IEA Bioenergy. 

Lyberatos, G., and L.V. Skiadas. 1999. Modelling of anaerobic digestion – a review. Global Nest: the Int J. 

1: 63-76 

Mallon, S., and A. Weersink. 2007. The Financial Feasibility of Anaerobic Digestion for Ontario’s Livestock 

Industries. University of Guelph. 

Mang, H-P. 2009. Co-digestion: Some European Experiences.  German Society for Sustainable Biogas and 

Bioenergy Utilization (GERBIO). 2009 AgSTAR National Conference. Baltimore, USA. 

Mangino, J., D. Bartram and A. Brazy. 2001. Development of a methane conversion factor to estimate 

emissions from animal waste lagoons. Technical Report 14 pp. 

http://www.epa.gov/ttnchie1/conference/ei11/ammonia/mangino.pdf 

Marti, R., A. Scott, Y-C Tien, R. Murray, L. Sabourin, Y. Zhang and E. Topp. 2014 a. Impact of manure 

fertilization on the abundance of antibiotic resistant bacteria and frequency of detection of antibiotic 

resistance genes in soil and on vegetables at harvest. Applied and Environmental Microbiology 79: 5701-

5709. 

Marti, R. Y-C. Tien, R. Murray, A. Scott, L. Sabourin and E. Topp. 2014 b. Safely coupling livestock and 

crop production systems: how rapidly do antibiotic resistance genes dissipate in soil following a 

http://www.scirp.org/journal/PaperInformation.aspx?PaperID=23401
http://www.dbfz.de/web/fileadmin/user_upload/Vortraege/Vortraege_DBFZ/Vortrag_Jan_Liebetrau_Vienna_31082011.pdf
http://www.dbfz.de/web/fileadmin/user_upload/Vortraege/Vortraege_DBFZ/Vortrag_Jan_Liebetrau_Vienna_31082011.pdf
http://agrienvarchive.ca/bioenergy/download/ghg_ad_liebzig.pdf


Greenhouse Gas Emissions from Animal Agriculture in Abbotsford May 22, 2015 Page 84 
 

commercial application of swine or dairy manure?  Applied and Environmental Microbiology 80: 3258-

3265. 

Masse, D.I, F. Croteau, N.K. Patni and L. Masse. 2003. Methane emissions from dairy cow and swine 

manure slurries stored at 10C and 15 C. Can. Biosystems Eng. 45: 6.1-6.6. 

Masse, D.I., N.M. Cata Saady and Y. Gilbert. 2014. Potential of biological process to eliminate antibiotics 

in livestock manure: an overview. Animals 4: 146-163 

McAllister, T. undated. The impact of antibiotic resistance and its challenge for the Canadian meat 

industry. Agriculture and Agri-Food Canada. Lethbridge Research Center. 

Mc Geogh, E.J., S.M. Little, H.H. Janzen, T.A. McAllister, S.M. McGinn and K.A. Beauchemin. 2012. J. 

Dairy Science 95: 5164-5175 

Menardo, S., F Gioelli and P. Balsari. 2011. The methane yield of digestate: Effect of organic loading rate, 

hydraulic retention time, and plant feeding. Bioresource Technology 102: 2348-2351. 

Miles, D.M. 2013. Poultry litter moisture management to reduce ammonia. LivestockGRACEnet. USDA 

http://www.ars.usda.gov/SP2UserFiles/Program/212/LivestockGRACEnet/LitterMoisture.pdf 

Miles, D.M., J.P. Brooks, M.R. McLaughlin and D. E. Rowe. 2013. Broiler litter ammonia emissions near 

sidewalls, feeders and waterers. Poultry Science 92: 1693-1698. 

Moller, H.B., S. Sarker, A.L Frydendahl Hellwin and M.R. Weisbjerg. 2012. Quantification of methane 

production and emission from anaerobic digestion of cattle manure derived from different feeding. 

http://cigr.ageng2012.org/images/fotosg/tabla_137_C0327.pdf 

Moller, H.B., S.G. Sommer and B.K. Ahring. 2004. Biological degradation and greenhouse gas emissions 

during pre-storage of liquid animal manure. J. Environ. Qual. 33: 27-36. 

Monteny G. J., Groesetein C. M. and Hilhorst M. A. 2001. Interactions and coupling between emissions 

of methane and nitrous oxide from animal husbandry. Nutrient Cycling in Agroecosystems 60: 123-132. 

Mosey, F.E. 1983. Mathematical modelling of the anaerobic digestion process: regulatory mechanisms 

for the formation of short chain volatile acids from glucose. Water Sci. Tech. 15: 209-232. 

Mulleneers, E. 2010. Biogas production in agriculture and manure policy. International seminar on 

biogas, Den Bosch, 4 November 2010. 

Murray, R.M., A.M. Bryant, and R.A. Leng. 1976. Rates of production of methane in the rumen and large 

intestine of sheep. Br. J. Nutr. 36: 1-14. 

National Research Council. 2002. The scientific basis for estimating air emissions from animal feeding 

operation. Washington DC. 

Nennich, T.D., J.H. Harrison, L.M. Van Wieringen, D. Meyer, A.J. Heinrichs, W.P. Weiss, N.R. St-Pierre, 

R.L. Kincaid, D.L. Davidson and E. Block. 2005. Prediction of manure and nutrient excretion from dairy 

cattle. Journal of Dairy Science 88: 3721-3733. 

Norton, J.M. and J. M. Stark. 2011. Regulation and measurement of nitrification in terrestrial 

ecosystems. Chapter 15 in. M.G. Klotz, ed. Methods in Enzymology. Vol 486. 343-368. 



Greenhouse Gas Emissions from Animal Agriculture in Abbotsford May 22, 2015 Page 85 
 

OECD. 2005. Manure Policy and MINAS: Regulating nitrogen and phosphorus surpluses in agriculture of 

the Netherlands. Organisation for Economic Co-operation and Development. 

OM/ENV/EPOC/CTPA/CFA(2004)67/FINAL 

Olesen, J.E., K. Schelde, A. Weiske, M.R. Weisbjerg, W.A.H. Asman, J. Djurhuus. 2006. Modelling 

greenhouse gas emissions from European conventional and organic dairy farms. Agriculture, Ecosystems 

and Environment 112: 207–220 

Ominiski, K. H. D.A Boadi, K.M. Wittenberg, D.L. Fulawka, and J.A. Basarab. 2007. Estimates of enteric 

methane emissions from cattle in Canada using IPCC Tier-2 methodology. Can. J. Anim. Sci 87: 459-467. 

O’Neill, J. 2014. Antimicrobial resistance: tackling a crisis for the health and wealth of the nations. A 

review on antimicrobial resistance. UK December 2014.  

Ontario Ministry of Agriculture and Food. 2007. Anaerobic Digestion Basics. Agdex Factsheet 720/400. 

Ontario Ministry of Agriculture and Food. 2012. Regulatory requirements for On-Farm Anaerobic 

Digestion Facilities under Ontario Regulation 267/03. 

http://www.omafra.gov.on.ca/english/engineer/facts/nm_ad.htm 

Pain, B.F., and R.B. Thompson. 1989. Ammonia volatilization from livestock slurries applied to land. In 

J.A. Hansen and K. Hendriksen, eds. Nitrogen in Organic Wastes Applied to Soils. Academic Press, 

London. 

Pain, B.F., T.H. Misselbrook, C.R. Clarkson and Y.J. Rees. 1990. Odor and ammonia emissions following 

the spreading of anaerobically digested pig slurry on grassland. Biological Wastes 34: 259-267. 

Palmer, M., and N. Rising. 1996. The development of an environmental sustainability parameter for 

agriculture. Canadian Water Resources Journal. 21: 13-25 

Pandey, P.K. and M.L. Soupir. 2011. Escherichia coli inactivation kinetics in anaerobic digestion of dairy 

manure under moderate, mesophilic and thermophilic temperatures. AMB Express Volume 1. 

http://www.amb-express.com/content/1/1/18 

Park, S., P. Croteau, K.A. Boering, D.M. Etheridge, D. Ferretti, P.J. Fraser, K-R Kim, P.B. Krummel, R.L. 

Langenfelds, T.D. van Ommen, L.P. Steele and C.M. Trudinger. 2012. Trends and seasonal cycles in the 

isotopic composition of nitrous oxide since 1940. Nature Geoscience 5: 261-265. 

Patni, N. H. Jackson, D. Masse, M. Wolynetz and R. Kinsman. 1994. Greenhouse gas release from stored 

dairy cattle manure slurry.  Proceedings of the 7th International Symposium on Agricultural and Food 

Processing Wastes. ASAE. 

Patni, N.K. and P.Y. Jiu. 1985. Volatile fatty acids in stored dairy cattle slurry. Agricultural Wastes 13: 

159–178. 

Paul, J.W. 1988. Fermentation products of manure and plant residues as carbon sources for denitrifying 

bacteria in soil. M.Sc thesis. University of Guelph. 

Paul, J.W. 1999. Nitrous oxide Emission Resulting from Animal Manure Management. Presentation at 

the International Workshop on Reducing N2O Emissions from Agroecosystems,  March 3-5, 1999,Banff, 

Alberta, Canada   

http://www.omafra.gov.on.ca/english/engineer/facts/nm_ad.htm
http://www.amb-express.com/content/1/1/18


Greenhouse Gas Emissions from Animal Agriculture in Abbotsford May 22, 2015 Page 86 
 

Paul J.W., Dinn N.E., Kannangara T. and Fisher L.J. 1998. Protein content in dairy cattle diets affects 

ammonia losses and fertiliser nitrogen value. J. Environ. Qual. 27: 528–534. 

Paul, J.W. and E.G. Beauchamp. 1989 a. Biochemical changes in soil beneath dairy cattle slurry layer: the 

effect of volatile fatty acid oxidation on denitrification and soil pH. In J.A. Hansen and K. Hendriksen, 

eds. Nitrogen in Organic Wastes Applied to Soils. Academic Press, London. 

Paul, J.W. and E.G. Beauchamp. 1989 b. Relationship between volatile fatty acids, total ammonia and pH 

in manure slurries. Biol. Wastes. 29: 313-318. 

Paul, J.W., Beauchamp, E.G., Zhang, X., 1993. Nitrous and nitric-oxide emissions during nitrification and 

denitrification from manure-amended soil in the laboratory. Can. J. Soil Sci. 73: 539–553. 

Paul, J.W., T.A. Scott and P.K. Barton. 1997. Ammonia emissions and nitrogen balances during poultry 

broiler production. Pacific Agri-Food Research Centre – Agassiz. Technical Report # 133. January 1997. 

Paul, J.W., N.E. Dinn, T. Kannangara and L.J. Fisher. 1998. Protein content in dairy cattle diets affects 

ammonia losses and fertilizer nitrogen value. Journal of Environmental Quality 27: 528-534. 

Pell, A.N. 1997. Manure and Microbes: Public and Animal Health Problem? Journal of Dairy Science. 80: 

2673-2681. 

Pelster, D.E., M.H. Chantigny, P. Rochette, D.A. Angers, C. Rieux and A. Vanasse. 2012. Nitrous oxide 

emissions respond differently to mineral and organic nitrogen sources in contrasting soil types. J. 

Environmental Quality 41: 427–435. 

Pescatore, A.J. K.D. Casey and R.S. Gates. 2005. Ammonia emissions from broiler houses. Journal of 

Applied Poultry Research 14: 635-637. 

Petersen, J.A. 2009. Reducing Greenhouse Gas Emissions from Livestock – A European Perspective. 

Feeding a Hot and Hungry Planet. Princeton University. April 29- May 1, 2009. 

Petersen, S.O. and S.G. Sommer. 2011. Ammonia and nitrous oxide interactions: roles of manure organic 

matter management. Animal Feed Science and Technology 166-167: 503-513. 

Petersen, S.O. K. Regina, A. Pollinger, E. Rigler, L. Valli, S. Yamulki, M. Esala, C. Fabbri, E. Syvasalo and 

F.P. Vinther. 2006. Nitrous oxide emissions from organic and conventional crop rotations in five 

European countries. Agriculture, Ecosystems and Environment 112: 200–206. 

Petersen, S.O., K. Regina, A. Pollinger, E. Rigler, L. Valli, S. Yamulki, M. Esala, C. Fabbri, E. Syvasalo and 

F.P. Vinther. 2006. Nitrous oxide emissions from organic and conventional crop rotations in five 

European countries. Agriculture, Ecosystems and Environment 112: 200–206 

Petersen, S.O., T.H. Nielsen, A. Frostegård and T. Olesen. 1996. Oxygen uptake, carbon metabolism, and 

denitrification associated with manure hot-spots. Soil Biol. Biochem. 28: 341-349. 

Poth, M. and D.D. Focht. 1985 15N kinetic analysis of N2O production by Nitrosomomas europea: An 

examination fo nitrifier denitrification. Applied and Environmental Microbiology 49: 1134-1141. 

Reidy, B., B. Rhim, and H. Menzi. 2008. A new Swiss inventory of ammonia emissions from agriculture 

based on a survey on farm and manure management and farm-specific model calculations. Atmospheric 

Environment 42: 3266-3276. 



Greenhouse Gas Emissions from Animal Agriculture in Abbotsford May 22, 2015 Page 87 
 

Ritz, C.W., B.D. Fairchild and M.P. Lacy. 2004. Implications of ammonia production and emissions from 

commercial poultry facilities: A review. Journal of Applied Poultry Research 13: 684-692. 

Rodhe, L. J. Ascue, and A. Nordberg. 2009. Emissions of greenhouse gases (methane and nitrous oxide) 

from cattle slurry storage in Northern Europe. Beyond Kyoto: Addressing the Challenges of Climate 

Change. IOP Conf. Series: Earth and Environmental Science 8: 012019. 

Rodhe, L., J. Ascue and A. Nordberg. 2009. Greenhouse gas emissions from stored slurry with and 

without different covers. 

Rumburg, B., G.H. Mount, J. Filipy, B. Lamb, H. Westberg, D. Yone, R. Kincaid and K. Johnson. 2008. 

Measurement and modeling of atmospheric flux of ammonia from dairy milking cow housing. 

Atmospheric Environment 42: 3364-3379. 

Russell, J.M., J.W. Barnett, E. Desilets and S. Bertrand. 2007. Mitigation strategies to reduce GHG 

Emission from the dairy industry. pp. 30-44 in Bulletin of the International Dairy Federation 422/2007. 

Reduction of Greenhouse Gas Emissions at Farm and Manufacturing Levels. 

Sabalowsky, A.R. 1999. Complex industrial wastewater with high seasonal temperatures. MSc Thesis. 

Virginia Polytechnic Institute. 

Sahlstrom, L. 2003. A review of survival of pathogenic bacteria in organic waste used in biogas plants. 

Bioresource Technology 87: 161-166. 

Sakar, S., K. Yetelmezsoy and E. Kocak. 2009. Anaerobic digestion technology in poultry and livestock 

waste treatment: a literature review. Waste Management and Research 27: 3-18 

Sauer, T.J., S.R. Compston, C.P. West, G. Hernandez-Ramirez, E.E. Gbur and T.B. Parkin. 2009. Nitrous 

oxide emissions from a bermudagrass pasture: Interseeded winter rye and poultry litter. Soil Biology and 

Biochemistry 41: 1417-1424. 

Schmid, L.A. and R.I Lipper 1969. Swine wastes, characterization and anaerobic digestion. In Animal 

Waste Management: Cornell Univ. Conf. Agric. Waste Management. R.C. Loehr, chair pp. 50-57. 

Schmidt, R., and R. Mosel. 2007 Reduction of ammonia-emissions at farm level – a decision between 

environmental and animal protection? In Reduction of Greenhouse Gas Emissions at Farm and 

Manufacturing Levels.  Bulletin of the International Dairy Federation 422/2007 

Sevenster, M, and F. de Dong. 2008. A Sustainable Dairy Sector: global, regional and lifestyle facts and 

figures on greenhouse gas emissions. CE Delft Solutions for Environment, Economy and Technology, 

Delft, Netherlands. 

Sheppard, S.C., S. Bittman, M.L. Swift and J. Tait. 2011. Modelling monthly NH3 emissions from dairy in 

12 Ecoregions of Canada. Canadian Journal of Animal Science 91: 649-661. 

Shumway, C.R., and C.P. Bishop. 2008. The Economics of Anaerobic Digestion with Co-Product 

Marketing. Northwest Dairy Digester Workshop. November 2008. 

Singh, K., K. Lee, J. Worley, L.M. Risse and K.C. Das. 2009. Anaerobic digestion of poultry litter: A review. 

Applied Engineering in Agriculture 26: 677-688. 



Greenhouse Gas Emissions from Animal Agriculture in Abbotsford May 22, 2015 Page 88 
 

Sirri, F. and A. Meluzzi. 2012. Effect of sequential feeding on nitrogen excretion, productivity, and meat 

quality of broiler chickens. Poultry Science 91: 316-321. 

Sistani, K.R., M. Jn-Baptiste, N. Lovanh, and K.L. Cook. 2009. Atmospheric emissions of nitrous oxide, 

methane and carbon dioxide from different nitrogen fertilizers. J. Environmental Quality 40: 1797-1805. 

Skiba, U., J. Dick, R. Storeton-West, S. Fernandez-Lopez, C. Wood, S. Tang and N. Van Dijk. 2005. The 

relationship between ammonia emissions from a poultry farm and soil NO and N2O fluxes from a 

downwind source. Biogeosciences Discussions 2: 977-995. 

Smith, K.A., D.R. Charles and D. Moorehouse. 2010. Nitrogen excretion by farm livestock with respect to 

land spreading requirements and controlling nitrogen losses to ground and surface waters. Part 2: pigs 

and poultry. Bioresource Technology 71: 183-194. 

Smith, P., D. Martino, Z. Cai, D. Gwary, H. Janzen, P. Kumar, B. McCarl, S. Ogle, F. O'Mara, C. Rice, B. 

Scholes, O. Sirotenko. 2007. Agriculture. In Climate Change 2007: Mitigation. Contribution of Working 

Group III to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change [B. Metz, 

O.R. Davidson, P.R. Bosch, R. Dave, L.A. Meyer (eds)], Cambridge University Press, Cambridge, United 

Kingdom and New York, NY, USA. 

Smith, S.R., N.L. Lang, K.H. Cheung and K. Spanoudaki. 2005. Factors controlling pathogen destruction 

during anaerobic digestion of biowastes. Waste Management 25: 417-425. 

Sneath, R.W., F. Beline, M.A. Hilhorst and P. Peu. 2006. Monitoring GHG from manure stores on organic 

and conventional dairy farms. Agriculture, Ecosystems and Environment 112: 122–128. 

Snyder, C.S. and P.E. Fixen. 2012. Plant nutrient management and risks of nitrous oxide emission. J. of 

Soil and Water Conservation 67: 137A-144A. 

Soil Science Society of America, Terminology Committees. 1979. Glossary of Soil Science Terms. Rev. ed. 

Soil Sci. Soc. Am. 

Soliva, C.R. 2006. Report to the attention of IPCC about the data set and calculation method used to 

estimate methane formation from enteric fermentation of agricultural livestock population and manure 

management in Swiss agriculture. Federal Office for the Environment, Berne, Switzerland. 

Sommer, S.G. 2006. Emission of greenhouse gases from animal manure. Plantekongres 2006.  pp. 443-

445. 

Sommer, S.G., L.S. Jensen, S.B. Clausen and H.T. Sogaard. 2006. Ammonia volatilization from surface-

applied livestock slurry as affected by slurry composition and slurry infiltration depth. J. Agricultural 

Science 144: 229-245. 

Sommer, S.G., S.O. Petersen and H.B. Moller. 2004. Algorithms for calculating methane and nitrous 

oxide emissions from manure management. Nutrient Cycling in Agroecosystems 69: 143-154. 

Sommer, S.G., S.O. Petersen and H.T. Sogaard.  2000. Atmospheric pollutants and trace gases: 

greenhouse gas emission from stored livestock slurry. J. Environ Qual. 29: 744-751 

Sommer, S.G., S.O. Petersen, P. Sorensen, H.D. Poulsen and H.B Moller. 2007. Methane and carbon 

dioxide emissions and nitrogen turnover during liquid manure storage. Nutrient Cycling in 

Agroecosystems: 78: 27-36. 



Greenhouse Gas Emissions from Animal Agriculture in Abbotsford May 22, 2015 Page 89 
 

Soneson, U. C. Cederberg, and M. Berglund. 2009. Greenhouse Gas Emissions in Milk Production. 

Decision support for climate certification. Klimatmarkning Format Report 2009:3 Denmark 

Sonesson, U., C. Cederberg and M. Berglund. 2009. Greenhouse gas emissions in beef production. 

Klimatmarkning For Mat. 2009-4. 

Statistics Canada. 2003. Manure Storage in Canada. Vol 1 No. 1.  Farm Environmental Management in 

Canada. http://publications.gc.ca/Collection/Statcan/21-021-M/21-021-MIE2003001.pdf 

Statistics Canada. 2011. Census of Agriculture. Farm Variables. 

Sun, H., S.L. Trabue, K. Scoggin, W.A. Jackson, Y. Pan, I.L. Malkina, J.A. Koziel, and F.M. Mitloehner. 2008. 

Alcohol, volatile fatty acid, phenol and methane emissions from dairy cows and fresh manure. J. Environ. 

Qual. 37: 615-22. 

Sutton, M.A. and J.W. Erisman. 1999. Concerns over the effectiveness of ammonia emissions abatement 

in Europe. Summary of a policy discussion from the EC GRAMINAE project in relation to the EU 

Acidification Strategy. Institute of Terrestrial Ecology, Edinburgh. 

Taglia, P. 2010. Biogas – Rethinking the Midwest’s Potential. Clean Wisconsin. 

http://www.ecw.org/MidwestBiogasPotential.pdf 

Thompson, R.B., J.C. Ryden and D.L. Lockyer. 1987. Fate of nitrogen in cattle slurry following surface 

application or injection to grassland. Journal of Soil Science 38: 689-700. 

Timmenga and Associates. 2003. Evaluation of Options for Fraser Valley Poultry Manure Utilization. 

http://www.al.gov.bc.ca/poultry/publications/documents/evaluation_poultry_manure.pdf 

Top, V., J.C. Nener, B.G. Wernick, B.J. Locken and G.A. Derksen. 1997. The Influences of Intensive 

Agriculture on Matsqui Slough, A South-Coastal British Columbia Watershed. Can. Tech. Rep. Fish. 

Aquat. Sci. 2160: 59 pp. 

Udikovic-Kolic, N., F. Wichmann, N.A. Broderick and J. Handelsman. 2014. Bloom of resident antibiotic-

resistant bacteria in soil following manure fertilization.  

www.pnas.org/cgi/doi/10.1073/pnas.1409836111 

Umetsu, K., Y. Kimura, J. Takahashi, T. Kishimoto, T. Kojima, and B. Young. 2006. Methane emission from 

stored dairy manure slurry and slurry after digestion by methane digester. An. Sci. J. 76: 73-79. 

UNFCCC/CDM. 2012. United Nations Framework Convention on Climate Change/Clean Development 

Mechanism. Methological Tool: Project and Leakage Emissions from Anaerobic Digesters. EB 66 Report 

Annex 32 (http://cdm.unfccc.int/methodologies/PAmethodologies/tools/am-tool-14-v1.pdf). 

US EPA 2001. Emissions from Animal Feeding Operations. US Environmental Protection Agency. EPA 

Contract No. 68-D6-0011. 

US EPA 2004. National Emission Inventory-Ammonia Emissions from Animal Husbandry Operations 

(Draft Report, January 30, 2004). 

http//www.epa.gov/ttnchiel/ap42/ch09/related/nh3inventorydraft_jan 2004. 

US EPA 2006. Global Anthropogenic Non-CO2 Greenhouse Gas Emissions. 1990-2020. United States 

Environmental Protection Agency, EPA 430-R-06-003. Washington, DC. 

http://www.ecw.org/MidwestBiogasPotential.pdf
http://www.al.gov.bc.ca/poultry/publications/documents/evaluation_poultry_manure.pdf
http://cdm.unfccc.int/methodologies/PAmethodologies/tools/am-tool-14-v1.pdf


Greenhouse Gas Emissions from Animal Agriculture in Abbotsford May 22, 2015 Page 90 
 

US EPA 2010. Code of Federal Regulations. Title 40. Protection of the Environment. Part 98. Mandatory 

Greenhouse Gas Reporting. Subpart JJ Manure Management. http://cfr.vlex.com/vid/98-368-definitions-

300325402 

US EPA 2011. Protocol for Quantifying and Reporting the Performance of Anaerobic Digestion Systems 

for Livestock Manures. http://www.epa.gov/agstar/documents/protocol.pdf 

US EPA. 2012. Atmospheric Concentrations of Greenhouse Gases. 

US EPA. 2013. Literature Review of Contaminants in Livestock and Poultry Manure and Implications for 

Water Quality.  Office of Water (4304T), EPA 820-R-13-002. 

Vallejo, A., U.M. Skiba, L.Garcia-Torres, A. Arce, S. Lopez-Fernandez and L. Sanchez-Martin. 2006. 

Nitrogen oxides emission from soils bearing a potato crop as influenced by fertilization with treated pig 

slurries and composts. Soil Biology and Biochemistry 38: 2782–2793 

Valli, L., S. Piccinnini and G. Bonazzi. 2004. Ammonia emission from two poultry manure drying systems. 

In V.C. Nielsen, J.H. Voorburg, P. L’Hermite. Odour and Ammonia Emissions from Livestock Farming. 

Van der Molen, J., D.W. Bussink, N. Vertregt, H.G. Van Faassen and D.J. Den Boer. 1989. Ammonia 

volatilization from arable and grassland soils.   In J.A. Hansen and K. Hendriksen, eds. Nitrogen in Organic 

Wastes Applied to Soils. Academic Press, London. 

Van Kessel, C., J.W.  Van Groenigen, K.J. Van Groenigen, O. Oenema and G.L. Velthof. 2009. Towards An 

Agronomic Assessment of N2O Emissions. Footprints in the Landscape: Sustainability through Plant and 

Soil Sciences. ASA-CSSA-SSSA Annual meetings, Nov 2009, Pittsburg 

Van Velsen, A.F. M.  1977. Anaerobic digestion of piggery waste. 1. Influence of detention time and 

manure concentration. Neth. J. Agric.Sci 25: 151-169 

Vanderzwaag, A.C., S. Jayasundara and C. Wagner-Riddle. 2011. Strategies to mitigate nitrous oxide 

emissions from land applied manure. Animal Feed Science and Technology 166-167: 464-479. 

Veldhof, G.L., D. Oudendag, H.P. Witzke, W.A.H. Asman, Z. Klimont and O. Oenema. 2009. Integrated 

assessment of nitrogen losses from agriculture in EU-27 using MITERRA-EUROPE.  Journal of 

Environmental Quality 38: 402-417. 

Velthof, G.L. and O. Oenema. 1997. Nitrous oxide emission from dairy farming systems in the 

Netherlands. Netherlands Journal of Agricultural Science 45: 347-360. 

Verge, X.P.C., J.A. Dyer, R.L. Desjardins and D. Worth. 2007. Greenhouse gas emissions from the 

Canadian dairy industry in 2001. Agricultural Systems 94: 683-693. 

Wagner-Riddle, C. 2013. Biogas Greenhouse Gas Emission Measurements. Canadian Biogas Conference. 

London, Ontario. March 2013. 

Wang, W., L. Zhao, X. Wang, R. Manuzon, H. Li, M. Darr, H. Keener, A Heber and J. Ni. 2009. Estimation 

of ammonia emission from manure belt poultry layer houses using an alternate mass-balance method. 

Agricultural and Biosystems Engineering Conference Papers, Posters and Presentations. 

Washington State Department of Agriculture. 2011. Washington Dairies and Digesters. AGR PUB 602-

343 (N/10/11). 

http://cfr.vlex.com/vid/98-368-definitions-300325402
http://cfr.vlex.com/vid/98-368-definitions-300325402
http://www.epa.gov/agstar/documents/protocol.pdf


Greenhouse Gas Emissions from Animal Agriculture in Abbotsford May 22, 2015 Page 91 
 

Washington State. 2008. Climate Action Team. Draft Development of Potential Offsets Related to 

Anaerobic Digestion. Agricultural Sector Carbon Market Workgroup. 

Weaver, K.H., L.A. Harper and S.M. Brown. 2012.  Effects on Carbon and Nitrogen Emissions due to 

Swine Manure Removal for Biofuel Production. Journal of Environmental Quality 41: 1371-1382. 

Webb, J., B. Pain, S. Bittman and J. Morgan. 2010. The impacts of manure application methods on 

emissions of ammonia, nitrous oxide and on crop response – a review. Agriculture, Ecosystems and 

Environment 137: 39-46. 

Weiss, W.P., and N. St-Pierre. 2010. Feeding strategies to decrease manure output of dairy cows. WCDS 

Advances in Dairy Technology 22: 229-237. 

Wright, P.E., S.F. Inglis, S.M. Stehman and J. Bonhotal. 2001. Reduction of selected pathogens in 

anaerobic digestion. 5th Annual NYSERDA Innovations in Agriculture Conference 1-11. 

http://www.renewwisconsin.org/biogas/AD/Pathogen%20Reduction%20Article.pdf 

Wulf, S., M. Maeting and J. Clemens. 2002. Application technique and slurry co-fermentation effects on 

ammonia, nitrous oxide and methane emissions after spreading. I. Ammonia volatilization. J. 

Environmental Quality 31: 1789-1794. 

Zebarth, B.J. and J.W. Paul. 1997. Growing season nitrogen dynamics in manured soils in south coastal 

British Columbia: Implications for a soil nitrate test for silage corn. Can. J. Soil Sci. 77: 67-76. 

Zebarth, B.J., J.W. Paul and R. Van Kleeck. 1999. The effect of nitrogen management in agricultural 

production on water and air quality: evaluation on a regional scale. Agriculture, Ecosystems and 

Environment 72: 35-52. 

Zeeman, G. 1994. Methane production/emission in storage’s for animal manure. Fertilizer Research 37: 

207-211. 

Zeeman, G., and S. Gerbens. 1997. CH4 Emissions from Animal Manure. In Good Practice Guidance and 

Uncertainty Management in National Greenhouse Gas Inventories. 

 

http://www.renewwisconsin.org/biogas/AD/Pathogen%20Reduction%20Article.pdf

