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ABSTRACT 
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Gudmundur H. Johannesson          Advisors: 

University of Guelph, 2018     Professors J. Lauzon, J. Warland 

 

Although animal manures are traditionally viewed as a valuable resource material, there is also 

a risk for adverse environmental effect from manure generation and utilization.  

Research was conducted into impacts of common liquid dairy manure storage practices in 

Canada on methane emissions as well as nutrient composition changes during storage. Further 

investigation evaluated liquid dairy manure as feedstock for biogas production along with off-

farm organic waste. 

During 17-month continuous on-farm monitoring of stored liquid dairy manure CH4 fluxes varied 

diurnally, monthly and seasonally, the variability largely regulated by measured internal manure 

temperatures, particularly at 2 m depth. Peak fluxes occurred in summer and fall seasons, 

increasing from July to September, falling in October and November, and remained constantly 

minimal from December to June. From September 2010 to August 2011, 85% of CH4 emissions 

occurred in summer and fall while 15% took place during winter and spring. Estimated 

emissions using IPCC methodology varied between months by 357% below to 88% above 

measured emissions, but on an annual basis the measured emission were 3.8% higher than the 



 

 
 

IPCC estimate. Monitoring of changes in manure composition during 12-month manure storage 

showed temporal changes and high variability in volatile solids (VS), chemical oxygen demand 

(COD) and volatile fatty acid (VFA) contents. These changes reflect biological activity levels that 

were a function of location within the tank and depended on meteorological factors such as 

temperature and precipitation. Nitrogen losses amounted to 0.32%-0.35% TKN per day or about 

10% per month. Biochemical methane potential (BMP) assay of liquid Dairy manure (LDM) in 

co-digestion with poultry manure (SPM) and dissolved air flotation waste (DAF) showed 

maximum specific CH4 yield (SMY) of 0.40 L g-1 VS from a mixture with about 10% DAF along 

with 40% VS of LDM and 50% SPM. Observed reduced biogas production at higher levels of 

DAF and SPM was likely due to high ammonia (NH3) or VFA content. 

Study results underline that manure storage condition and duration affect emissions of 

greenhouse gases as well as losses of nutrients from stored manure. Improved manure storage 

conditions therefore have the potential to enhance value of the manure resource and limit 

environmental impacts from its management and use.
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Chapter 1. General Introduction 

1.1. Background 

Animal manure production is an unavoidable side or waste stream of animal production cycles 

in agriculture. Therefore, volumes of manure are proportional to the use of animal-based 

products and are for instance a reflection of milk and meat consumption rates. Canada has 

among the highest milk and meat consumption in the world, estimated to be over 70 liters and 

40-50 kg per capita per year, respectively (AAFC 2016; Statistics Canada 2016). Although 

Canada’s landmass is the second largest in the world, only a small proportion of it is usable as 

fertile agricultural land. As such, some areas like Southern Ontario have locally high animal 

production levels. Consequently, four out of five watersheds in Canada with annual manure 

production of more than 6,000 kg ha-1 for whole drainage basins are in Ontario, reaching 9,000 

kg ha-1 in one watershed basin (Statistics Canada 2008). 

Historically manure has been a valuable resource that recycles plant nutrients and organic 

matter (OM) from animal feed back into crop production cycles for human and animal 

consumption (Powers and Van Horn 2001). More recently, manure has been assessed, and 

used for other purposes such as on-farm biogas production (Holm-Nielsen et al. 2009). 

However, there is also a risk for adverse environmental effects from manure generation and 

utilization. Consequently, the large volumes of generated manure require careful management 

to maximize its value while avoiding harmful environmental impacts. As an example, manure 

can generate emissions such as greenhouse gases (GHGs) and ammonia (NH3) during on-farm 

handling: in-barn management, storage and land application. Further, nitrogen (N) and 

phosphorus (P) losses from manure to the environment and exposure to pathogens may 

become a risk to wildlife, livestock and the human population (Gerba and Smith 2005; Goss and 

Richards 2008; McLaughlin et al. 2012). Subsequently these losses contribute to climate 
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change, terrestrial acidification and marine eutrophication (De Vries et al. 2015), as well as air 

quality and smog formation (Leytem et al. 2011; McGinn et al. 2007). For example, methane 

(CH4) is one of the primary GHGs generated by manure storage and processing along with 

carbon dioxide (CO2) and nitrous oxide (N2O). Together those gases comprise about 10% of 

total GHG emissions associated with livestock worldwide, including enteric and manure 

sources, estimated to contribute 5.6 to 7.5 Gt CO2e yr-1 (Herrero et al. 2016). Additionally, CH4 

from manure management is estimated to be about 6% of global anthropogenic CH4 emissions 

worldwide (Hou et al. 2017). In Canada, manure management is estimated to contribute about 

12% of agriculture emissions or 6,400 kt CO2e, where methane contributes 43% of manure  

GHGs (Environment Canada 2017). Methane has 20-25 more global warming potential (GWP) 

than CO2. However, CH4 also has the potential to be harnessed and used as a renewable 

energy source in anaerobic digester systems (ADs), potentially reducing the carbon footprint of 

manure (Herrero et al. 2016).  

Considering the important contribution of methane to total GHGs, agriculture is part of the 

Climate Action Plan in Ontario to reduce GHG emissions, including emphasis on CH4 emissions 

reduction (Government of Ontario 2016). In addition, nutrient losses from manure can lead to 

enrichment and overgrowth in natural ecosystems causing ecological disruption and potential 

for toxicity to organisms, animals, and humans (Hart et al. 2004; Schroder 2005; Toth et al. 

2006). Losses of nutrients also reduce the agronomic value of the manure and can lead to 

increased use of chemical fertilizers (Powers and Van Horn 2001). Accordingly, a prior 

knowledge of the quantities and risks for losses to the environment are beneficial for accurate 

best management practices of manure. This includes knowledge of manure composition, 

volatilization risk, and quantities of losses during storage. 
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1.2. Methane emissions from liquid dairy manure 

Since CH4 is a potent GHG, it is important to quantify and better understand the processes 

involved in CH4 generation from manure. Owen and Silver (2015) reviewed field-based studies 

on GHG emissions and concluded that current methods used by the Intergovernmental Panel 

on Climate Change (IPCC) to estimate global emissions underestimated CH4 emissions from 

liquid manure (slurry). Notably, they suggest that quantities of CH4 losses may be 3-times larger 

than estimated by IPCC protocols. This may largely be due to use of lab-derived emission 

factors due to a lack of field data that would be more accurate for modelling of manure 

emissions. Owen and Silver (2015) concluded that longer in situ monitoring with more 

information on manure management and manure composition would enable development of 

more accurate annual emission estimates. Specifically, questions needing further attention 

include the seasonal variations of CH4 generated (Husted 1994), and how those amounts relate 

to manure management, manure properties and environmental conditions. Incidentally, there 

are few in situ reports on stored dairy manure emissions, and only one under Ontario conditions 

(VanderZaag et al. 2011). Several of the published studies are benchtop or small-scale batch 

loaded designs (Møller et al. 2004), while others are whole-farm measurements using laser-

based sensors (Vanderzaag et al. 2014). Both of those approaches can give good estimates of 

emissions but the former is in vitro experiment, a small-scale simulated manure storage, while 

the latter’s accuracy may be affected by farm layout and atmospheric conditions during 

measurements (McGinn 2013). Equally important, published studies generally are short-term 

and often lacking or missing the needed supporting information such as manure composition, 

weather conditions, and manure management practices. As previously noted, existing in situ 

studies sometimes largely rely on gas emission measurements only; there is need for more 

quantitative measurements on the source material itself, the manure. In other words, flux 

measurements assess density of surface exchange and do not address location or drivers of 

methanogen activity in manure. Subsequently, application of supplemental spatial and temporal 
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measurements can provide important insights into rate and mechanics of manure CH4 

emissions.  

1.3. Sources of manure composition variability  

Manure properties and changes over time can affect GHG emission potential and nutrient and 

energy value, and subsequently affect environmental impact potential of manure storage and 

utilization. Furthermore, both manure agronomic value and its environmental impact are 

dependent on the composition and management of the manure. Although standard as-excreted 

manure composition values (e.g. ASABE 2005) can be used as reference values, the estimated 

values may vary by as much as 60% for N, over a 100% for P and 60% for total solids (TS) due 

to differences in feeding rations and animal performance (Koelsch 2006). In addition to as-

excreted variations, dairy manure composition variations arise from bedding and wash water, 

type of housing, storage design, storage duration, and spreading date (Higgins et al. 2004). As 

a result, farmers are encouraged to develop farm-specific estimates based on repeated manure 

sampling (ASABE 2005; Powers and Van Horn 2001). Eventually, those values can be pooled 

to establish regional reference norms based on prevailing manure system design and climate 

(Davis et al. 2002). Even though results of long-term analysis may approach the published 

reference values of manure nutrient contents, it remains difficult to quantify the high variability of 

samples due to lack of detailed information on manure generation and management (Jokela et 

al. 2010). In addition to this, variability in manure composition arises from sampling procedures 

applied. For example, research and review by Dou et al. (2001) found that with agitation, 

coefficient of variation (CV) was <10% for nutrient analysis of liquid dairy manure. Whereas if 

manure was sampled without agitation of storage the CV rose to 20-30%, indicating spatial 

variability in stored manure properties. Advances in understanding the variability could improve 

manure sampling strategies resulting in better agronomic and environmental management of 

manure (Schroder 2005; Schröder et al. 2004). 
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In summary, it is well documented that manure value and environmental impact of utilization is 

largely based on its composition, including nutrient contents, their forms, and variability. 

However further research is needed to quantify how common on-farm manure handling and 

storage practices affect manure composition over time. This can be accomplished by monitoring 

spatial and temporal changes in stored manure properties while simultaneously monitoring 

weather parameters affecting manure storage condition, such as temperature and precipitation 

levels. The results of this research has applications in maximizing manure utilization potential 

and minimizing overall impacts of manure storage. 

1.4. On-farm biogas production from dairy manure and off farm feedstocks 

Biogas is an alternative energy source with the added benefit for recycling manure with use of 

on-farm ADs. With this in mind, the Ontario government has supported the development of on-

farm biogas production through the Green Energy Act (Government of Ontario 2009) resulting in 

over 30 on-farm AD plants, all on dairy farms, in operation province-wide (OMAFRA 2016). 

Incidentally, dairy manure is excellent as a primary AD substrate due to its rich native microbial 

flora, micronutrient content and buffering properties (Labatut et al. 2011; Nordell et al. 2016). 

However, dairy manure has relatively low biodegradable energy (Callaghan et al. 1999), as 

such needs co-substrates (off-farm) for economically viable biogas plant operation (Usack and 

Angenent 2015; White et al. 2011). Accordingly, dairy farm ADs use manure as primary 

substrate or feedstock but rely on off-farm co-substrates to increase biogas outputs (Alatriste-

Mondragón et al. 2006; Callaghan et al. 1999). Unfortunately, availability of co-substrates with 

easily degradable high OM content is diminishing due to increased competition for feedstock 

material (Labatut et al. 2011). Additionally, some high-energy co-substrates may have 

secondary properties causing inhibition or toxicity, e.g. from ammonia content, sulfides or metal 

content, thereby leading to reduced biogas production (Chen et al. 2008). Subsequently, the 

most important part of AD design and operation is to optimize available co-substrate recipe for 
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maximum methane output without inhibiting effects on long-term stability of the AD system 

(Chen et al. 2008). Two optional co-substrates for use in dairy farm AD systems include 

dissolved air flotation waste (DAF), a lower grade fat waste from food processing that is 

disposed of in landfills or incinerated, and manure from poultry production. DAF is not well 

reported on as a co-substrate for biogas generation, but it has high energy content and nitrogen 

content that may lead to ammonia inhibition in the biogas generation process (Creamer et al. 

2010). Similarly, poultry manure characteristics, such as high ammoniacal (NH4+NH3) content 

can lead to biogas generation inhibition that could be minimized through an optimum mixture of 

co-substrates with dairy manure and other ingredients (Sakar et al. 2009). Henceforth, co-

substrates for farm ADs need to be identified and assessed, both for biochemical methane 

potential (BMP) and other possible beneficial and negative effects on biogas generation or farm 

productivity and environment once used as fertilizer post digestion. 

1.5. Thesis structure and contributions 

The research reported on in the thesis focuses on research gaps and research questions 

identified during literature review. The focus is on expanding the current body of science in the 

field of manure research, specifically storage of liquid dairy manure under Southern Ontario 

manure management and weather conditions. The objective of Chapter 2 was to examine the 

temporal ambient CH4 fluxes from in situ stored dairy manure in Southern Ontario during all 

seasons of the year. Continuous measurements of fluxes along with monitoring of 

environmental variables and manure composition attempted to explain quantities and variability 

in CH4 fluxes from a commercial farm manure storage. Further, a lab assay under controlled 

condition investigated CH4 generation dynamics by depth in the farm storage tank using same 

manure as investigated for the in situ CH4 flux research. Subsequent analysis of flux data 

included a comparison between in-situ measured CH4 emissions and calculated CH4 emissions 

using IPCC protocols. This aimed at evaluating the IPCC protocol, used for GHG inventory 
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calculations in Canada, for calculation of CH4 emissions from stored dairy manure in a cold 

climate.  

The objective of Chapter 3 was to investigate spatial and temporal physiochemical variability of 

liquid dairy manure composition in concrete manure storage on a single farm in Southern 

Ontario. A secondary objective was to evaluate the accuracy of sampling equipment and 

technique used, and assess if the planned spatial and temporal sampling strategy adequately 

explained variability in manure properties. Overall research goals focused on addressing how 

manure properties affected CH4 generation potential, nutrient content, and availability, and 

environmental impact potential from dairy manure stored under Southern Ontario manure 

management practices and climatic conditions. Additional goal was to quantify how stored 

manure composition changed over time, both temporally and spatially within the manure storage 

tank. 

Chapter 4 reports on a study that evaluated feedstock properties and optimal feedstock mix for 

a mesophilic dairy farm AD system, using biochemical methane potential assay (BMP), and 

chemical analysis of substrates and recipes. Specific objectives were to evaluate the biogas 

generation potential for an on-farm AD system 'recipe' (i.e., the intended co-substrates), and 

how feedstock source properties and recipe mixtures affect biogas potential of substrates. 

Moreover, attempts were made to identify sources of inhibition or toxicity to biogas production 

from feedstock, both as primary substrates and co-substrates.  

Finally, chapter 5 outlines the individual contribution of each research project undertaken during 

the PhD program and the overall accomplishments and limitations of the thesis. Thus, 

accomplished advances to the field of manure research are put in a wider context with current 

state of research and how the thesis contributes to agriculture, as well as environmental 

management of the manure resource. 
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Chapter 2. Methane emissions from stored dairy manure in a cold 

climate over a 16 month period 

2.1. Introduction 

The growing concentration of CH4 in the Earth’s atmosphere, and its high global warming 

potential (GWP), suggest the need for characterization, quantification, and improved 

management of anthropogenic processes causing methane emissions. Methane is estimated to 

contribute 13% of total Canadian GHGs, on a CO2 eq. basis, with 12% of agricultural GHGs 

related to CH4 emissions from manure management (Environment 2013). Estimated methane 

emissions from dairy cattle fell by 15% from 1990-2012 while the number of dairy cattle fell by 

~30% (Environment Canada 2014). The reason for low reduction in CH4 emissions is probably 

increased use of liquid manure systems on farms, but this has not been firmly established by 

research. 

Methane generation from archaea organisms occurs under anaerobic conditions and is 

dependent on several environmental factors, both biological and physical. Weather and climate 

conditions affect methane generation resulting in diurnal, monthly and seasonal differences in 

CH4 quantities produced (e.g.Christensen et al. 2003; Walter et al. 2006; Yang and Chang 

1999). Methane release from natural and man-made ecosystems is often largely ebullition-

driven, but also occurs by diffusion (Martens and Val Klump 1980; Schütz et al. 1989; Walter et 

al. 2006).  

Dairy manure is generated in substantial quantities, estimated to exceed 180 million tonnes 

annually in Canada, and its management and storage as liquid manure or slurry are a significant 

source of CH4 (Chadwick et al. 2011; Statistics Canada 2008). Liquid manure storages contain 

manure for typically up to 6-8 months, and storage times can be as long as 12 months (IPCC 

2006). Local regulations in Ontario, Canada, require at least 8 months (240 days) of manure 
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storage capacity for farm operations being built or expanded (Goverment of Ontario 2002). 

Manure properties facilitating and maintaining an active methanogen population are most 

notably volatile solids content, pH, volatile fatty acid content, and limiting micronutrient content 

(Gerardi 2003; Sakar et al. 2009). Knowledge of these parameters in manure along with 

temperature and other environmental factors are important to explain the extent and variations 

in methane generation from stored liquid manure. 

Release of methane from liquid manure storage is difficult to measure because it is not spatially 

consistent. Methane may be generated in hotspots, has low solubility in water, and can 

accumulate under the manure crust or frozen surface and deep in the manure tank, to be 

released in episodic bursts (Safley and Westerman 1992). Continuous measurements are 

needed to capture the temporal variation in generation and release of methane from manure. 

Cold ambient temperatures of stored manure will facilitate psychrophilic microbial activity 

(D'Amico et al. 2006). Psychrophilic CH4 generation from manure has been measured at about 

4° C, but the effective temperature condition for manure CH4 generation is closer to 10-25°C 

(King et al. 2011; Safley and Westerman 1992). Park et al. (2006) measured liquid manure 

temperatures at 60 cm depth in southern Ontario from January to August and found a range of 

4-22°C, which was strongly correlated with air temperatures. Methane is generated at much 

lower rates under psychrophilic conditions (<20°C) compared to mesophilic (20-45°C) manure 

temperature regimes. Total quantities of CH4 release from stored manure under psychrophilic 

conditions are comparable to mesophilic conditions, but may take twice as long (months 

compared to weeks) (Safley and Westerman 1992). 

The drivers of methane generation from organic substances depend on combination of the 

properties of the organic substance and the environmental condition at the measurement site. 

Under field conditions, methane fluxes from the surface of stored manure are measured, but the 

spatial origin of the emitted CH4 within stored manure volume is not discernible. Stratification of 
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manure solids occurs in storages (McLaughlin et al. 2012; Ndegwa et al. 2002) with the 

potential, that methane production may be greater at deeper depths of the manure tank. 

Organic substances differ in their potential to generate methane and this potential can be 

quantified using standard methods (Pagga 1997). In order to compare methane generation from 

different sources, environmental conditions need to be standardized and controlled; however, 

this is difficult under field conditions. The assay method outlined by Owen et al. (1979) is widely 

used in wastewater and biogas industries to assess biochemical methane potential (BMP) of 

organic substrates. The BMP assay is used as an indicator to quantify bioavailability of organic 

substrates to methanogens under standard environmental conditions and assay duration 

(Chynoweth et al. 1993). The assay method allows comparison between different substrates to 

identify relative CH4 production potential in the lab but results may not correlate well with farm 

conditions (Labatut et al. 2011; Lory et al. 2010). However, by strategically sampling manure 

from a storage tank at different depths and assessing CH4 production using the BMP assay, the 

spatial variability of methane generation within storage can be estimated. Comparison of the 

BMP and surface CH4 fluxes could give improved insight into the factors controlling on farm CH4 

emissions from stored manure. 

Several studies exist in the literature on the use of the micrometeorological mass balance 

method (MMB) for measurements of CH4 fluxes from concrete swine and dairy manure storages 

(Denmead 2008; Khan et al. 1997; Park et al. 2006; Park et al. 2010; VanderZaag et al. 2010; 

VanderZaag et al. 2011; Wagner-Riddle et al. 2006). The method is well suited to relatively 

small defined source areas, such a manure storages, provided that upwind and downwind 

concentration profiles with height are measured along with wind speed (Denmead 2008). 

Canada’s National Inventory Report (Environment Environment Canada 2014) follows published 

IPCC methodology (IPCC 2006) for estimating CH4 emissions from manure storage. The IPCC 

approach for estimating CH4 emissions from stored manure is based on the USEPA 



 

11 
 

methodology (USEPA 2017) developed by Mangino et al. (2001) for anaerobic lagoon storage. 

It assumes that VS loaded into the storage system can be carried over between months and 

that CH4 conversion efficiency is a constant. These factors used in the IPCC quantification 

process, the tier I approach, have been criticized for generalization and lack of dynamics in 

capturing variability in farm emissions (VanderZaag et al. 2013). Karimi-Zindashty et al. (2012) 

identified a need in Canada for regional and animal category specific data, a tier II methodology, 

to improve on GHG inventories in agriculture. Massé et al. (2008) pointed out the importance of 

understanding causes of the large farm-to-farm variations in CH4 emissions from manure 

storages. Consequently, long-term field CH4 manure flux measurements need to be compared 

to the IPCC methodology to identify areas of improvement in the assessment of CH4 emission 

from stored liquid manure. Manure storage design characteristics, solids content (VS), storage 

condition (e.g. liquid or dry), and storage duration (months) are the main factors used to 

estimate methane emissions from manure in national inventories using IPCC methodology 

(IPCC 2006). The effect of temperature on manure emissions is recognized in the IPCC 

guidelines by use of different emission factors depending on farming location and time of year. 

Only a few reports on CH4 measurements from open liquid dairy manure storages are available. 

Husted (1994) used a chamber technique at an open storage in Denmark with maximum 

manure volume of 1,200 m3 in April and close to zero in June. The 56 samples collected for two 

time periods yielded 17.5 – 34.5 g CH4 m-3 d-1 in July – August and 0.02 – 1.4 g CH4 m-3 d-1 in 

January – April. Temperature and emission were highly correlated. Emissions fell to almost zero 

in winter when air temperatures dropped to -4.2°C and manure temperature fell to 4°C while 

CH4 emissions peaked in August while air and manure temperatures were highest in July, about 

17°C. In Brittany France, Sneath et al. (2006) applied SF6 tracer ratio technique over a 10-

month period to manure stored in a circular storage pit, and measured an average emission of 

35 g CH4 m-3 d-1, ranging from 14.4 - 49.6 5 g CH4 m-3 d-1.. Ambient air temperature was weakly 
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related to emissions, a finding attributed to the buffering effect of the below-ground location of 

storage. Hensen et al. (2006) used a Gaussian plume method coupled with tunable diode laser 

spectrometer (TDLS) at a covered farm manure storage in Holland containing 1,200 m3 of liquid 

dairy manure. An emission factor (EF) of 11±5 g CH4 m3 d-1 was determined from 

measurements of eight plumes giving source strength of 0.15±0.08 g CH4 s-1. Kaharabata et al. 

(1998) used a SF6 tracer ratio technique from June to November to estimate annual CH4 

emissions of 74 kg m-2 yr-1 from a manure tank in Quebec, Canada. Variability of emissions was 

estimated at 40% and samples were only taken between 12:30 and 14:30 pm to minimize the 

effect of daily temperature variability on measurements. Higher concentrations of measured CH4 

were related to rain events, increasing to 1.2 - 4 times higher than measurements taken before 

and after the rain event. This response was attributed to mechanical agitation from the rainfall, 

and perhaps the falling atmospheric pressure augmenting ebullition of methane. A thick crust 

layer, present for most of the study, also may have affected release of CH4 while mixing of 

manure without manure removal and spreading did not diminish the crust layer. A crust was 

also present in the semi-continuous January to July study by VanderZaag et al. (2011) in 

Ontario Canada, using micrometeorological mass balance method (MMB). Methane fluxes 

ranged from 11-153 µg m-2 s-1, with the highest fluxes in July and lowest in June, after emptying 

of the tank in April and May. January to May fluxes remained low, 26-49 µg CH4 m-2 s-1, even 

with increasing manure volumes that reached tank capacity of 246 m3 in April. Cold winter 

condition, with average temperatures reaching a minimum of -10.6°C in February, created an 

ice cover restricting methane release. This accumulated methane in the manure was released 

during thawing events in February and March with a sudden 100-fold (two-order magnitude) 

increase in emissions within an hour time span, and this emission peak lasting for about 5 hrs. 

This short duration flush episode during otherwise low emission period supports the need for 

continuous measurements as intermittent emission episodes may be missed with shorter 

measurement periods. 
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Some of the studies discussed above that focused on CH4 emissions from liquid dairy storages 

have been short term and intermittent in nature. Kaharabata et al. (1998) pointed out this issue, 

and VanderZaag et al. (2011) also reported on the problem resulting from a lack of continuity 

and extent of data from farm studies on CH4 fluxes resulting from dairy manure in cold climates. 

The data set generated by VanderZaag et al. (2011) yielded data equivalent to 1.7 - 6 full days 

per month from January to July, for a total of 24.4 full day equivalence over the 180 d study. 

Husted (1994) collected 46 data points over a 180 d (6-month) study. Hensen et al. (2006) used 

six measurements all from the same month to derive an emission factor for CH4 emissions. All 

these authors used their data to calculate IPCC tier I emissions, representing whole country 

emissions in some cases (Husted 1994). It is further common in manure emission studies for 

weather, manure management, and manure composition data to be missing. Air temperature is 

most often reported (Møller et al. 2004; Sneath et al. 2006; VanderZaag et al. 2011), while 

some studies do report some manure temperature data, albeit at inconsistent monitoring depths 

(Husted 1994; Kaharabata et al. 1998). Little information is provided in most cases for method 

or timing of manure sampling, and there are no reports on manure composition over time 

reported for studies on dairy manure CH4 emissions. Similarly, information on manure depth in 

storage, as well as loading and removal, is inconsistent or missing in published studies on liquid 

dairy manure CH4, as is common in other manure emission studies. 

Considering the relatively low number of studies on CH4 emissions from liquid dairy manure 

reviewed above with short duration, and sporadic supporting data, the need for more 

comprehensive and continuing effort is warranted. The seasonal and spatial variability in CH4 

generation and release from manure storages and the impact of manure properties and 

environmental condition on the CH4 volumes further validates the importance of in situ emission 

measurements under local environmental condition. This study reports on 17 months (481 d) of 

continuous CH4 emission measurements from stored liquid dairy manure at a farm in Southern 
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Ontario, Canada. Study objectives were: (i) identify monthly and seasonal variations in CH4 

emissions from a dairy manure storage tank at a commercial farm in a cold climate, (ii) estimate 

impacts of spatial and temporal variations in weather and manure temperature on CH4 

emissions at the study site and, (iii) compare measured fluxes to calculated emissions using 

IPCC tier I methodology. 

2.2. Materials and methods 

2.2.1. Research site and manure management 

The trial took place at a commercial dairy farm near Drayton, Ontario (43° 45’ N, 80° 40’ W), 

from July 2010 to November 2011. Average livestock numbers were 115 Holstein-Friesian cows 

and 45 heifers. Animals were kept in free-stall barns consisting of main milking cow barn, dry 

and pre-calving cow barn adjacent to milking cow barn, and separate heifer barn. The cow 

feeding regime consisted of a total mixed ration as described in Ngwabie et al. (2014). Straw 

bedding was used in all barns. Liquid manure management included an under barn collection 

tank in the main barn with about 6 weeks of manure storage capacity from the two cow barns 

and the liquid part of the heifer barn manure. Depending on season and field availability, the 

manure was spread directly from the underground storage or transferred to an uncovered 

circular concrete storage tank, where this experiment took place (Fig. 2-1).  

The concrete storage tank has a diameter of 30.5 m and a depth of 3.7 m, for a surface area of 

730 m2 and maximum storage volume of 2,670 m3. Approximately 1.5 m of the tank wall was 

above grade level. The distance from barns to manure storage tank was about 65 m, and AD 

biogas system structures were under construction during the study time and were about 15-20 

m distance from the tank. 
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Fig. 2-1. Experimental setup at study site; A) top view, B) side view. Air sampling towers (T1-T3) with four 

air intakes (—) each, at heights 0.5 m, 1.0 m, 2.0 m, and 4.5 m above tank wall. Wind data collection 

tower (WT) equipped with cup anemometers (⨝) at heights equal to intakes, and wind vane () at 3.0m 

height above tank wall. Manure temperature setups (MT1-3) each fitted with four thermocouples (-) 

located at 0.5m from bottom and 2.0m, 1.0m and 0.05m from surface. Placed on top of tank wall were two 

infrared thermocouples (IT1-2) and rain gauge (RN), while air temperature sensor (AT) was sited about 

2.0 m from ground in front of instrument trailer. 



 

16 
 

At the onset of measurements (July 2010), the manure storage tank contained ~1.6 m depth of 

manure. The tank was built in 2009 and first used during the following winter and had not been 

emptied before the trial began. Manure was added to the tank from the underground storage on 

July 20-21, 2010 that resulted in a ~0.75 m increase in depth to a total depth to ~2.35 m, for 

volume of ~1,736 m3. The manure in the tank was agitated on October 22 2010, and again on 

November 1, 2010 when manure was removed, leaving about 1.25 m depth. Additional manure 

additions to the tank occurred on January 14-15, 2011 and February 24-25, 2011, with a total of, 

~0.70 m and ~0.80 m, of manure added, respectively. Subsequently no manure was added or 

removed until November 2011, when this measurement campaign ended.  

2.2.2. Methane emission measurements and flux calculations 

Methane emissions were determined using the micrometeorological mass balance method 

(MMB). By simultaneously measuring ambient upwind and downwind methane concentrations 

at multiple heights around a storage tank, methane concentration differences above the source 

can be established. Using measured concentration difference, fetch length over the source, 

wind speed and concentration difference by height over source, fluxes can be estimated. 

The general formula for surface flux density using the MMB method was given by Wagner-

Riddle et al. (2006) based on Denmead et al. (1998) as: 

𝐅𝐥𝐮𝐱 =
𝟏

𝐋
∫ (𝐮𝐳

̅̅ ̅̅ (𝐜𝐳 𝐨𝐮𝐭 − 𝐜𝐳 𝐢𝐧))̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅𝐝𝐳
∞

𝟎
      [1] 

where L is the distance traversed by wind across the measurement area (fetch), uz is wind 

speed at any height over the source area, and cz is gas concentration upwind (in) and downwind 

(out) of the source area. Ignoring the turbulent diffusive flux term and integrating eqn. 1 gives: 

�̅� =
𝟏

𝑳
∑ [(�̅�𝒊 ∆�̅�𝒊) × ∆𝒛𝒊]𝒏=𝟒

𝒊=𝟏        [2] 
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where �̅� is average flux (µg CH4 m-2 s-1), 𝐿 is fetch (m), �̅�𝑖 mean 30 min average wind speed at 

height i (m s-1), ∆𝑐�̅� is mean 30 min difference in methane concentration (μg m-3) between 

downwind and upwind measurements, and ∆𝑧𝑖 is the height difference (m) between sampling 

intakes representing air layer thickness above the manure tank surface sampled by each intake. 

The experimental setup was based on the method developed by Wagner-Riddle et al. (2006), 

and included three masts attached to the manure storage tank with four air intakes each placed 

at heights of 0.5, 1.0, 2.0 and 4.5 m above the top of the tank wall (T1-T3, Fig. 2-1). 

Approximate mast positions were 210° (T1), 81° (T2) and 26° (T3) using a handheld 

orienteering compass. Each of the twelve air intakes had a 7 µm air filter (SS-2F-K4-7, 

Swagelok Company) at the intake inlet attached to a 3.2 mm i.d. steel tubing leading into a dryer 

(PD1T-1.5, Campbell Scientific Inc., UT USA). At the dryer outlet, the purge was directed 

through a 0.15 mm critical orifice, which allowed approx. 0.18 L min.-1 purge airflow through. 

Samples were drawn from the air intakes through polyethylene tubing (3.2 mm i.d.) to a multi-

inlet valve control manifold (16-Inlet Sampling System, Campbell Scientific Inc, UT USA). The 

valve manifold, controlled by a control module (SDM-CD16S DC, Control Module, Campbell 

Scientific Inc., UT USA), sequentially directed air samples for 15 s from each intake through the 

air dryer (PD1T, Campbell Scientific Inc., UT USA) to a trace gas analyzer (TGA) (TGA100A 

Trace Gas Analyzer, Campbell Scientific Inc., UT USA). Air was continuously drawn through all 

sample tubing but the sample manifold directed air from one inlet at a time through the analyzer. 

The remainder of the air was directed to the bypass flow, which exited through the pump 

exhaust. The TGA determined methane concentration in air samples using tunable diode laser 

absorption spectroscopy; target settings for the laser were: temperature 82.7 K, current 541.4 

mV, for the absorption line located at a wavelength of 3,018.53 cm-1. Sampling flow from intakes 

and through the TGA, system purging, sample drying, and pressure, was maintained by two 

rotary vane vacuum air pumps (model R5 RA 0021 C, Busch, Virginia Beach, VA). One pump 
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provided airflow for all sample intakes through the valve manifold and tubing, and the other 

directed air samples from one intake at a time through the TGA, each intake set at 0.7 L min-1 

flow rate. Flow valves regulated by a datalogger (model CR3000 Micrologger, Campbell 

Scientific Inc., UT USA) controlled pressure, set at 400 mb in the air sampling system and 30 

mb in the TGA. The datalogger program parameters determined collection system settings and 

collected data from the TGA system. The air sampling cycle of all 12 intakes was 3 min, 

resulting in 10 cycles every 30 min. Methane concentration was determined at a frequency of 10 

Hz, resulting in 150 data points for each 15 s collection per intake during each 3 min collection 

cycle. Of the 15 s sampling period, 5.2 s (52 data points) corresponding to the transition period, 

i.e. when sampled air was a mixture of more than one intake, were discarded with the remaining 

98 points used in the average concentration calculation for each cycle. From these data a 30 

min average was calculated for each intake, from a total of 980 data points per intake, using Eq. 

[2] similar to Wagner-Riddle et al. (2006) and Park et al. (2006). 

The wind data collection tower (WT, Fig. 2-1) held four cup anemometers (model F460 Wind 

Speed Sensor, Climatronics Corp., Newton, PA, USA) at heights corresponding to air intake 

heights, and a wind vane (model 05103, R.M. Young Wind Monitor, Campbell Scientific Corp., 

AB, Canada) for wind direction monitoring at 3.0 m above the wall. One min average wind 

direction (21X Microloggers, Campbell Scientific Canada Corp, Edmonton AB) and 30 min 

average wind speeds (23X Microloggers, Campbell Scientific Canada Corp, Edmonton AB) 

were recorded. 

Fetch length was determined from 1 min wind direction measures that were averaged over 30 

min based on upwind and downwind tower locations using the trigonometric method from 

Wagner-Riddle et al. (2006). Wind direction and active tower locations were used as the basis 

for fetch distance over the tank surface. A tower was designated as the upwind position if each 

1 min wind direction average was within ±80° of the tower location for the 30 min period, and in 
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the downwind position if wind direction remained within ±70° of tower location plus 180°. 

Narrower range limits for downwind towers is a conservative approach to ensure that measured 

methane concentration originated from manure and not background concentration. If two towers 

simultaneously met this up- or downwind criteria for each half hour period, fluxes were 

calculated separately for each tower and averaged. Further, fluxes were not calculated if wind 

direction was downwind from barns and other farm structures; data with wind direction range of 

305° to 360° were thus omitted for calculations. In addition, fluxes when wind speed was less 

than 2.0 m s-1 were discarded as wind speed measurements using anemometers become less 

accurate at lower speed (Denmead et al. 1998; Harper et al. 1999). 

Supplemental measurements included solar radiation, measured by a pyranometer (model LI-

190 SZ Quantum Sensor, LI-COR, Inc., Lincoln, NE, USA) placed at 3.0 m height from the 

ground on the wind profile measurement tower (WT). Air temperature was measured by a 

shielded copper-constantan thermocouple sensor at about 2.0 m height near the instrument 

trailer (AT, Fig. 2-1). A rain gauge (model 7499, RIMCO Syphon Tipping Bucket Rain Gauge, 

McVan Instruments Pty Ltd, Victoria Australia) was mounted on top of the tank's concrete wall 

(RN). All sensors sent signals to dataloggers (models 21X and 23X Microloggers, Campbell 

Scientific Canada Corp, Edmonton AB), that recorded 30 min and daily values for the measured 

parameters. Dataloggers were programmed to send data to an on-site PC computer and were 

downloaded twice weekly. 

2.2.3. Manure environment measurements 

Manure temperature profiles were measured at one location in the manure tank from July 20, 

2010 (MT_1, Fig. 2-1), and two additional locations from November 24, 2010 onwards (MT_2, 

MT_3, Fig. 2-1). The profiling system consisted of four copper-constantan thermocouples (TC) 

connected to a 3.7 m metal chain at depths of 0.05, 1.0, and 2.0 m from the manure surface and 

at 0.5 m from the bottom of the manure tank. A surface plastic float and bottom brick anchor 
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were attached to the metal chain ends, to keep the TCs in place, and at the correct depth in the 

manure. The placement of the upper three TCs was therefore relative to the manure surface, 

while an additional float kept the bottom TC suspended in the manure 0.5 m from bottom. This 

arrangement accommodated differences in manure depth while still maintaining top and bottom 

sensors at a fixed level. Two infrared copper-constantan thermocouple (IT_1, IT_2, Fig. 2-1) 

sensors monitored manure surface temperature from November 15, 2010. The sensors were 

mounted at the end of a PVC pipe secured to the top of the concrete tank wall, extending ~1 m 

horizontally into the tank and angled downwards about 45°. Manure depth was initially 

monitored by manual measurements, twice weekly, but on November 15, 2010, a sonic distance 

sensor was installed (model SR50A, Sonic Ranging Sensor, Campbell Scientific Canada Corp, 

Edmonton AB). The sensor was mounted on a pipe, attached to the wind tower (WT), extending 

~1 m into the tank to avoid interference from walls at low manure levels. Manure crust levels 

were considered too thin and intermittent in nature to cause inference to depth measurements 

(see Section 2.3.2). 

2.2.4. Manure sampling and analysis 

Manure was sampled every 1 to 3 months from August 2010 to October 2011. Sampling was 

done in 0.5 m depth increments from the manure surface to the tank bottom, and a composite 

sample of total depth profile was taken separately from incremental depth sampling. This 

resulted in varying number of samples depending on total manure depth in the tank, e.g. when 

manure depth was 1.5 m, three samples were collected, but six samples were collected when 

manure depth reached 3.0 m. Samples were obtained using a custom made submergible 

sampler that could be opened and closed as needed. 

The sampler consisted of a PVC pipe (3.7 m long, 5 cm i.d.), and a steel rod (0.6 cm o.d.) 

running the length of the PVC pipe, attached to a rubber stopper at the sampler bottom end, and 

to a wingnut at the top end, used to open and close the sampler. The closed sampler was 
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lowered to the median depth of the layer to be sampled (e.g. 0.25 m for the range of 0 to 0.5 m 

depth), opened to collect a representative quantity of manure (0.5-1.0 L) before closing and 

removing the sampler from the tank. Each sample consisted of 5 subsamples collected around 

the tank perimeter, about 0.5 m from tank wall, mixed together and ladled into 0.5 or 1.0 L wide 

mouth plastic bottles (Nalgene®). Sample bottles were kept cool and stored at 4°C until shipped 

for analysis. 

An electrometric method (4500-H+ B, APHA et al. 2005) was used to assess pH of samples 

with a glass electrode (AccumetTM). Total solids (TS) were determined by drying at 104°C for 12 

h and volatile solids (VS) through ignition at 550°C for 12 h. (2540 B, 2540 E, APHA et al. 

2005). Total nitrogen (TKN) analysis was based on the Macro-Kjeldahl method with sulfuric acid 

digestion, distillation and colorimetric method for final NH3 measurements (4500-Norg B, APHA 

et al. 2005). Total ammoniacal nitrogen (NH4 + NH3) was measured with NH3 selective electrode 

(Orion™) using a standard method (4500-NH3 D, APHA et al. 2005), and nitrate nitrogen (NO3) 

by nitrate-selective electrode (Orion™) following nitrate specific method (4500-NO3 D, APHA et 

al. 2005). Total volatile fatty acid content (VFA), butyric (BTA), propionic (PPA), and acetic acid 

(AcOH) concentrations were all assessed through a standard volatile fatty acid determination 

procedure (EIT 2007). Analysis of total chemical oxygen demand (tCOD) and soluble chemical 

oxygen demand (sCOD) was based on the closed reflux, colorimetric method by dichromate 

and sulfuric acid oxidation of samples followed by spectrophotometric analysis (5220 D, APHA 

et al. 2005). Samples for sCOD analysis were pretreated by centrifugation at 1500 rpm and 

filtering with 0.45 µm filter. Total carbon content (TC) was determined by dry combustion and 

oxidation (LECO SC444TM) and inorganic carbon (IC) by the same method following ashing 

procedure at 475°C for 3 h. Organic carbon (OC) was determined by difference (Nelson and 

Sommers 1982). 
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2.2.5. Biochemical Methane Potential of manure 

The samples used for this study were obtained from the manure storage tank on April 15, 2011, 

right after manure surface thawing and sampled as described in Section 2.2.4. Some depth 

samples were combined for logistical reasons before biochemical methane potential (BMP) 

laboratory assay of manure samples. BMP was assessed using the modified assay procedure 

of Owen et al. (1979). To simulate ambient outdoor manure storage conditions, temperature 

treatment at 20°C, as well as the regular 35°C, was applied. As not to confound the effect of 

native methanogen population activity in manure storage tank, no inoculum was added to the 

incubated samples. Due to the lower temperature treatment used and absence of inoculum, 

incubation duration of 44 d instead of the standard 30 d duration was applied. 

2.2.6. Estimated methane fluxes 

Methane fluxes from the liquid manure storage were estimated using IPCC methodology 

(Environment Environment Canada 2013; IPCC 2006), following methodology originally 

proposed by Mangino et al. (2001) and Sommer et al. (2000). Excreted volatile solids (VS) 

calculations at the research site farm were based on Jayasundara and Wagner-Riddle (2014), 

while climate factors (f) were calculated using the van’t Hoff-Arrhenius equation with 30°C as 

base temperature (Mangino et al. 2001), and minimum air temperature of 1°C as suggested by 

Park et al. (2006). Default maximum CH4 producing potential (Bo) value for cold climate was 

used, 0.24 m3 kg-1 VS, as was management and design practices factor (MDP) of 0.45 (IPCC 

2006). Measured total monthly average fluxes used for comparison were derived as described 

in Section 2.2.7. 

2.2.7. Data processing and analysis 

The collected 30 min environmental data values were filtered for outliers that were outside of 

seasonal or natural range and processed to obtain daily and monthly average values for 

measured parameters. Methane flux values (µg m-2 CH4 s-1) were derived using custom 
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functions developed in Matlab 7.1 (Mathworks Inc. MA, USA) for processing data and 

calculations, resulting in 30 min flux averages used for further analysis. Estimates of CH4 

emissions per volume of manure were derived from flux data and calculated volumes based on 

the manure depth using daily depth averages. Measured monthly average fluxes were obtained 

by binning flux values for each half-hour obtained over a month interval and averaging those 

values. The 48 average half hour values obtained were then averaged to obtain a monthly 

average that was scaled to total monthly manure storage emissions. From July to November 

2010, when manure depth was measured manually (Section 2.2.3), linear interpolation was 

used to derive daily depth values for days when measurements were not taken. 

A correlation analysis on environmental variables was carried out using the CORR procedure in 

SAS 9.3 (SAS Institute Inc. NC, USA) using both daily and monthly average emission and 

environmental data collected. The parameters showing significant correlation with flux data were 

selected for multiple regression analysis using the REG, stepwise regression procedure in SAS 

9.3 (SAS Institute Inc. NC, USA). 

2.3. Results 

2.3.1. Weather condition 

Summer (July to September) air temperatures were about 1°C above 30-year normal (1971-

2000) in both 2010 and 2011 (18.4°C and 19.0°C vs. 17.6°C), while the winter (January to 

March) of 2011 was slightly below average temperature (-6.1°C vs. -5.8°C). In 2010, average 

manure temperatures differed by ~1°C from 0.05 m to tank bottom in July to October 2010 (Fig. 

2-2). However, in the fall of 2010 (defined as October to December), radiative surface 

temperature (Surface) and at 0.05 m declined more rapidly than temperatures at depth. After 

the manure surface froze over in late November 2010, the near surface temperature (0.05 m) 

decoupled from the air temperature and stayed above 0°C. Temperatures deeper in the manure 
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remained relatively stable around 5°C throughout the winter, while average air temperature 

reached a low of -9.0°C in January. 

 

Fig. 2-2. Weather condition and manure temperatures during a 17-month study of methane emissions 

from stored liquid dairy manure. Monthly total rain amounts (first and last month incomplete) and average 

air (Air) and manure temperatures: radiative surface temperature (Surface), 0.05 m, 1 m and 2 m depth 

from the manure surface, and 0.5 m from the tank bottom (Bottom). 

After spring (April to June) thaw in April 2011, the surface temperature followed air temperature 

closely until the end of the study. Conversely, manure temperatures at depth all had a similar 

pattern and showed significant lag in heating and cooling relative to air temperature. While 
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average monthly air temperature reached a maximum in July 2011 (22.4°C), the average 

temperatures at 1 m, 2 m, and near the tank bottom reached maxima in September (~16.0°C). 

Average monthly temperatures at 0.05 m depth were similar for the same month in both years 

but the deeper manure depth showed differences with depth between years (p<0.05). July to 

August temperature at 2 m depth was 18.7-20.5 °C in 2010 but 11.7-15.6 °C in 2011 (Fig. 2-2). 

Irregularities in rainfall included a dry fall in 2010 when monthly rainfall was 70-80% below 

averages of 72 to 92 mm mo-1 and 2011 when July and August rainfall was 60% below and 

123% over the 30-year average of 82 and 92 mm mo-1 respectively. 

2.3.2. Manure properties 

There was a considerable difference in manure depth between years ranging from 3.1 to 3.4 m 

in 2011, compared to 2.1 to 2.3 m in 2010. Average monthly manure depth was at a minimum of 

1.16 m (848 m3) after spreading in November 2010 and maximum of 3.5 m (2,500 m3) in 

November 2011. As the temperature sensor setups were attached to a surface float and the 

bottom sensor to a suspended float (section 2.2.3) bottom sensor had fixed position while other 

three sensors position was affected by manure depth. After manure removal in November 2010 

(down to 1.24 m) and until additions in January and February 2011 the sensors at 1 m and 2 m 

depth from surface were below the bottom suspended sensor. As analysis of manure 

temperature data during that time indicated that only surface sensor data (0.05 m depth) was 

significantly different from temperatures at other locations (data not shown) it was decided to 

use the data despite sensor location. Surface crust varied during the study; in 2010, it covered 

the surface and became thicker later in the fall, estimated to be 5 cm at the most, and mostly 

composed of straw and only minimally of dry manure. At thaw in early April 2011, there was 

minor layer of straw that disappeared until July when it started to increase again, as it did in 

2010. In 2011, the straw cover was less than in 2010 and was affected by rain and wind events 

that periodically partly submerged and dissipated the thin layer existing. 
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Selected results for composite manure samples (Table 2-1), obtained during CH4 

measurements, were based on 2-9 samples for each parameter. Confidence interval (CI) was 

relatively low apart from parameters known to be variable such as VFAs and NO3. Relatively 

small difference between average and median may suggest normal distribution, especially for 

parameters with higher sample number (n). Volatile solid content ranged from 25,000-50,000 

mg L-1, with the higher values obtained in late summer both years and the lowest in spring 2011. 

Average pH was 7.3 with low variability, ranging from 6.9 to 7.5. 

Table 2-1. Manure analysis results of composite samples from study site liquid dairy manure storage, 

average of August 2010 to August 2011 sampling taken every 1–3 months (CI = confidence interval, SE = 

standard error of sample mean). 

Parameter1) Units Average(±CI) SE Median Min Max n 

pH  7.3(±0.2) 0.1 7.5 6.9 7.5 8 

TKN 

mg L-1 

2,113(±334) 171 2,072 1,243 2,699 9 

TAN 1,108(±177) 90 1,181 621 1,384 9 

NO3 39.6(±16.4) 8.4 31.9 11.9 78.6 9 

TS 48,560(±6,896) 3,518 49,790 37,250 65,824 8 

VS 36,024(±5,852) 2,986 37,606 25,204 49,692 8 

tCOD 25,056(±5,316) 2,712 27,250 12,525 34,500 9 

sCOD 8,958(±2,546) 1,299 7,250 5,238 16,875 9 

tVFA 4,411(±4,142) 2,113 5,700 280 7,252 3 

     BTA 291.0(±292.9) 149 291 108 474 3 

     PPA 1,303(±571) 291 1,303 946 1,660 3 

     AcOH 3,348(±3,018) 1,540 4,646 280 5,118 3 

TC  41.2(±0.5) 0.3 41.2 40.9 41.4 2 

      IC % D.M. 0.6(±0.39) 0.2 0.6 0.4 0.8 2 

     OC  40.6(±0.1) 0.1 40.6 40.5 40.6 2 

1) TKN = total Kjeldahl nitrogen, TAN = total ammoniacal nitrogen, NO3
- = nitrate, TS = total solids, VS = 

volatile solids, tCOD = total chemical oxygen demand, sCOD = soluble chemical oxygen demand, tVFA = 

total volatile fatty acids, BTA = butyric acid, PPA = propionic acid, AcOH = acetic acid, TC = total carbon 

content, IC = inorganic carbon, OC = organic carbon 
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 Carbon content measured in two samples was similar; total carbon (TC) 41 %, and organic 

carbon 40.6 %, inorganic carbon content was negligible at 0.4 %. Total VFA content (n=3) 

varied significantly with average of about 4,400 mg L-1, ranging from 280-7,252 mg L-1, acetic 

acid was the dominant form of VFAs measured, averaging about 3,350 mg L-1. Total Kjeldahl 

Nitrogen (TKN) generally declined with increasing storage time, highest at about 2,700 mg L-1 in 

the fall of 2010 and lowest about 1,200 mg L-1 in August 2011 (Table 2-1). Solids contents in 

composite samples decreased with time, except for the last sampling date in early August 2011 

when values increased somewhat from May of that year. Characteristics of changes in VS 

content by depth included, a reduction in VS at upper elevation in the manure profile, as low as 

10,000 mg L-1, while accumulation occurred at greater depth. This was especially apparent 

below 2 m depth where solids content was stable at about 50,000 mg L-1. 

2.3.3. Methane fluxes 

During the 481 d of study, a total of 6,088 30-min CH4 flux data points were retained for final 

analysis. There were on average 19.9 measurements d-1 for each month of the study, but the 

monthly measurements ranged from 6.4–35.7 points d-1. The large range of daily data points is 

due to filtering of data as explained in Section 2.2.2, and due to intermittent equipment 

downtime for maintenance, upgrades, and repairs. 

Maximum daily average fluxes rose to about 2,000 µg m2 s-1 in September of 2010 and 

remained over 1,500 µg m2 s-1 for most of the month, while in September 2011 the fluxes 

reached maxima at 1,770 µg m2 s-1 (Fig. 2-3). Conversely, during the winter months average 

daily fluxes were as low as 12 µg m2 s-1 and remained, with minor exceptions, below 150 µg m2 

s-1 from December 15, 2010 to July 10, 2011. The same pattern started to repeat itself in fall of 

2011, but the time series was too short for direct comparison over the winter period. As a result, 

the daily average flux measurements maximum monthly average fluxes occurred in September 

in both 2010 and 2011 (1,716 µg m2 s-1 and 1,008 µg m2 s-1 respectively). Further, monthly 
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averages for CH4 fluxes fell from December 2010 (111.3 µg m2 s-1) to a minimum in May 2011 

(61.8 µg m2 s-1) with intensifying CH4 generation as air temperatures rose in early summer (data 

not shown). 

 

Fig. 2-3. Daily average methane (CH4) fluxes (Δ, n=305), air temperature (x, n=473) and manure depth 

(, n=481) during 481 d study duration. Error bars for fluxes are the standard error of the mean. Labels 

indicate manure management events at storage tank: mixing, additions and removals during trial duration. 

On 22 October 2010, the manure in the tank was mixed with a tractor-powered agitator, as 

spreading of manure was planned, but did not take place until November 1. This thorough 

mixing caused an increase in fluxes in the following days, likely because manure solids 
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previously submerged were mixed into the entire volume and release of CH4 already in 

suspension in the manure (Fig. 2-3). After the mixing event, an accumulation of bedding 

material on the manure surface developed which was not visible before. Short duration spike in 

30-min fluxes occurred around thaw in early April 2011 (data not shown). An approximately 5-

fold increase in flux occurred within an hour, but quickly decreased again, likely due to ebullition 

of CH4 released due to thawing and warming of manure in spring. Starting at the end of March, 

the manure surface thawed slowly due to above zero daily average temperatures and rainfall 

amounting to about 30 mm. On April 7, air temperature started to rise further and reached a 

daily average of 13°C on April 11. This resulted in complete thawing of the manure surface, 

allowing release of CH4 possibly built up under the ice sheet while the tank surface was frozen 

starting at the end of November 2010. On 10 April, 2011, the manure surface was partly 

covered with accumulated water, seemingly sitting on top of the manure, from rainfall and 

snowmelt, amounting to about 30 cm added depth. There was also surface crust visible, which 

slowly dried in the following days as rainfall stopped and solar radiation increased.  

The greatest variations in CH4 fluxes and emissions observed were between months or seasons 

in this study. For the purpose of this study, summer is defined as July to September, fall 

October to December, winter includes January to March and spring April to June. Overall, the 

summer season contributed the most to methane emissions in both study years while spring 

contributed the least (Fig. 2-4). The total seasonal emissions ranged from around 440 kg CH4 

during spring 2011 to over 6,100 kg CH4 in summer of 2010 (Fig. 2-5). Using data from 2011, 

where data was available from all four seasons, summer and fall dominated the contribution to 

annual total emissions. 



 

30 
 

 

Fig. 2-4. Total monthly CH4 emissions (bars), average monthly air temperature (Air), manure temperature 

at 2 meter depth (2m), and average monthly manure depth (Depth). 

About 85% of the total annual CH4 emissions occurred in 6 months, with 69% in summer and 

16% in fall, while the other half of the year only 15% of the annual emissions occurred, 8% and 

7% during winter and spring, respectively. This study had one winter season and two summer 

seasons of data.  
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Fig. 2-5. Total seasonal methane (CH4) emissions during study period 2010-2011. Summer 2010 and fall 

2011 seasons are incomplete as measurements started on July 15, 2010 and ended on November 7, 

2011. Summer consists of July to September, fall is October to December, winter includes January to 

March and spring April to June.  

Summer 2010 season was partial as measurements started in mid-July when daily fluxes had 

started to rise and relatively low manure volume added in spring was already warmed up. In 

summer 2011, the greater bulk of manure with lower VS, and the lack of newly added fresh 

manure slowed down warming of the manure. Winter 2011 average emissions were about 9% 

of summer 2010 and 12% of summer 2011 emissions. 
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2.3.4. Relationship of manure environmental parameters to methane fluxes 

Correlation and multiple regression analyses were used to investigate relationships of 

environmental parameters to CH4 fluxes, using monthly averages. Air temperature (AT), near 

manure surface temperature (ST), manure temperatures at 1 m (1MT) and 2 m (2MT) depth, 

and close to tank bottom (BT), all showed significant positive correlations with CH4 fluxes (Table 

2-2). The variables in Table 2-2 were also used in stepwise multiple regression analysis relating 

the CH4 fluxes with all the independent parameters. Following the repeated procedure of 

removing non-significant parameters from the multiple regression analysis, 2MT was identified 

as the only significant parameter explaining average monthly CH4 fluxes in this study (R2=0.62, 

P=0.0015).  

Table 2-2. Correlation analysis of monthly average values using SAS Proc Corr, Pearson product-

moment correlations. Dependent variable is average CH4 fluxes (n=17), independent variables are: 

radiative manure surface temperature (RT), air temperature (AT), stored manure depth (MD), solar 

radiation (SL), rainfall (RN), near surface temperature (ST), temperatures at 1m depth (1MT), 2m depth 

(2MT) and 0.5m from bottom (BT). 

 

RT AT MD SL RN ST 1MT 2MT BT 

r-value 

Prob > r 

n (months) 

0.52 

0.0714 

13 

0.49 

0.046 

17 

-0.29 

0.3378 

13 

0.23 

0.446 

13 

0.35 

0.1667 

17 

0.56 

0.019 

17 

0.73 

0.0009 

17 

0.75 

0.0005 

17 

0.75 

0.0005 

17 

 

This relationship between monthly total CH4 fluxes and temperature in Fig. 2-4 illustrate that 

fluxes lagged behind air temperature but followed closely to the sub-surface manure 

temperatures, especially at 2 m depth. There was approximately a 2-month lag between 
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maximum air temperature (AT) in July and maximum temperature at 2 m depth in manure (2MT) 

in September 2011. This was not the case in 2010 due to different patterns of manure depth 

and manure loading, allowing for greater warming of the manure (Section 2.2.1). Rainfall 

patterns also differed between years (Section 2.3.1) and may have affected manure 

temperature patterns. 

2.3.5. Biochemical methane potential study of stored dairy manure 

A 44 d BMP analysis was done on samples from the manure storage tank obtained at the time 

of tank surface thaw on April 15 2011. Manure properties associated with increased CH4 

emissions increased with depth of manure in the tank (Table 2-3). This was probably mostly a 

consequence of increased solids content (TS, VS) by depth. Higher VS:TS ratio with increasing 

depth, further demonstrated an increase in easily bioavailable VS for microbes deeper in the 

manure tank. Tripling of tCOD from 0-50 cm layer to 200-300 cm layer indicates the same 

pattern of increased concentrations with sampling depth. The higher quantities of biologically 

available OM with manure depth indicate a greater potential for CH4 production in deeper layers 

of the manure storage tank. 

Table 2-3. Properties of manure tank samples from April-11 used in BMP incubation assay study, three 

depth layers and a composite sample. 

Depth TS VS VS/TS tCOD sCOD TKN 

cm ---------------------- g L-1 --------------------- 

0-50 

 

13.5 

 

7.8 

 

0.58 

 

12.3 

 

3.2 

 

1.5 

 

150-200 31.7 

 

21.3 

 

0.67 

 

29.4 

 

5.3 

 

2.3 

 

200-300 

 

54.3 

 

41.1 

 

0.76 

 

35.9 

 

6.9 

 

2.5 

 

Composite 30.1 20.7 0.69 31.2 5.0 2.0 
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TS= total solids, VS=volatile solids, tCOD=total chemical oxygen demand 

sCOD=soluble chemical oxygen demand, TKN=total Kjeldahl nitrogen 

The results of the modified BMP assay (Table 2-4) are presented as accumulated biogas per g 

VS added at the start of the assay, thereby removing effects of higher VS content by depth in 

the tank on biogas generation in the field. However, even when corrected for VS content, 

volumetric biogas generation from manure taken from increasing depth in the storage tank was 

greater than from the surface layer (0-50 cm). When manure was incubated at 35°C, the 

greatest production was from the 150-200 cm depth (1.07 L g VS-1), while at 20°C temperature 

the maximum volume came from the 200-300 cm layer (0.3 L g VS-1).  

Table 2-4. Biogas generation from manure samples, of various depths in liquid manure storage, at 35° 

and 20° C temperatures without inoculum addition during 44 day BMP incubation study.  

Treatments Biogas production 

Depth layer 35°C 20°C 20°C / 35°C 

cm L g-1 VS initial % 

0-50 

150-200 

200-300 

Composite 

0.57 

1.07 

0.70 

0.38 

0.08 

0.12 

0.30 

0.25 

14.5 

11.2 

42.8 

66.0 

 

Controlled conditions with constant temperature during the BMP assay allows for direct 

comparison between methanogen populations at different depths. The 20°C temperature used 
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for the incubation is close to the maximum temperature in the manure storage in 2010, but 

higher than the 2011 maximum monthly temperatures (Fig. 2-2). In September 2011 average 

temperatures at 1 m and 2 m depth were 16.0°C and 15.6°C, respectively (in April 2011 they 

were 4.5°C and 5.3°C, respectively). Comparison of biogas generation at 20° C and the same 

samples kept at 35° C temperature in Table 2-4 illustrates that the proportional biogas yield is 

much higher in sample from 200-300 cm depth compared to the other depth category samples. 

The higher relative biogas production (43% vs. 11-15%) indicates possible differences in 

microbial population in samples from different depths as the response to different temperatures 

varies. This may also indicate that the higher substrate availability, reflected in increasing sCOD 

and VS concentrations with depth (Table 2-3), heightened the CH4 production with depth. This is 

supported by aforementioned high relative productivity of treatments from deeper in the tank 

(Table 2-4). 

In summary, under controlled psychrophilic and mesophilic digestion environments, without 

added inoculum, the lowest biogas production was from the surface layer of manure storage 

with greater gas production from greater depth in the farm manure storage. This may suggest 

that OM from surface layer was less bioavailable, possibly due to degradation of easily 

digestible OM substances from aerobic and anaerobic processes active in the uncovered 

manure storage. Further, it seems likely that manure from deeper layers in manure tank has the 

potential for substantial CH4 generation that is limited under ambient condition in the tank, 

probably mostly due to low temperatures. 

2.3.6. Methane measurements and IPCC methodology estimates comparison 

The measured and calculated, using the IPCC methodology of monthly CH4 emission values 

over 17 months did not correlate well and showed some significant difference from month to 

month (Fig. 2-6). The IPCC protocol calculations overestimated emissions in July both years, 

but underestimated for September to November 2010, and September of 2011. The spike in 
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calculated emissions in April 2011, not visible in the site measurements, is an effect of rising air 

temperature in IPCC calculation formulas.  

 

Fig. 2-6. The estimated IPCC and measured total CH4 emissions at research site over 17 months, and 

differences between IPCC derived estimates and in situ collected emission data in study. 

The subsequent drop in May 2011 calculated emissions reflects assumed spreading of manure 

in that month, not done in this time period in the study, resulting in no carryover of VS between 

months and sharp drop in assumed available VS in storage that month. The lag between 

measured and calculated emissions is parallel to those between observed air and manure 
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temperatures (Section 2.3.1). Despite differences in month-to-month emissions, the total annual 

emissions are comparable between observed (12,218 kg CH4) and calculated values (11,770 kg 

CH4). Based on Sept-10 to Aug-11 period, the difference is 448 kg CH4, measured emissions 

3.8% higher than calculated. 

2.4. Discussion 

Release of CH4 from the stored manure in this study seemed primarily from continuous 

diffusion-driven release of CH4, with minor episodic events of accumulated CH4 release, likely 

by ebullition. Indication of this is lack of episodic bursts of CH4 emissions in the data collected 

during the 17-month measurement campaign. The bursts observed in the 30-min average data, 

were typically at a rate about two-fold the daily average, with some up to 5-fold bursts during 

thawing of manure surface in 2011 (data not shown). The minor bursts may have been a result 

of heat penetration during the diurnal warming up of surface layers resulting in accumulation of 

CH4 within the profile that later surged to the surface. In this study, diurnal temperature changes 

only affected surface temperature and did not extend to 1 m depth. Gradual seasonal changes 

in temperature by depth appeared to affect methane production the most. It should be noted 

that management events known to generate immediate spikes in fluxes such as agitation and 

pumping manure were eliminated in this study during data processing and filtering due to 

unfavorable environmental condition at the time, as described in Sections 2.2.2 and 2.2.7. Data 

presented is therefore mostly from long-term fluxes from the undisturbed stored manure.  

The diurnal CH4 flux variations described in Section 2.3.3, follow a similar pattern but not the 

magnitude of diurnal changes described by VanderZaag et al. (2011), who observed two order 

of magnitude episodic flux increase in about one hour time. Those were attributed to surface 

crust accumulation effect that blocked methane release by diffusion, whereas crust was not 

significantly present in this study. The strong diurnal trend of methane from a milk wastewater 

pond found by Leytem et al. (2011) and Leytem et al. (2013) was attributed to daily fluctuations 
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in temperature and wind speed during measurements. In this study, particularly in 2011, manure 

depth was similar to that of VanderZaag et al. (2011), but greater than reported by Leytem et al. 

(2011). Increased manure depth in this study decreased the magnitude of diurnal temperature 

changes in the manure, which may dampen the diurnal flux variation. Presence of a surface 

crust can reduce CH4 release by a factor of 11-12 (Husted 1994). Presence of a crust may lead 

to accumulation of methane and increase risk of episodic methane release, as CH4 generation 

will continue within the manure profile. Early morning clusters of foam which dissipated rapidly 

in sunlight were observed, consistent with Wood et al. (2013) who related this phenomenon to 

early morning CH4 flush. In this study, the foam was primarily observed, during the fall months 

into frost, when air temperature had dropped but internal manure temperature is still warm. No 

relationship was established between foam presence and flux magnitude in this study, it is 

possible that the foam is a function of air temperature and only visible in the morning when 

temperature is low and solar radiation absent. 

The significant correlation between manure temperature and flux measurements identified in 

this study, particularly at 2 m depth, were also detected by Husted (1994) and Park et al. (2006). 

Flesch et al. (2013) did not observe difference in emission estimates using manure temperature 

at 0.6 m depth as compared to air temperature. Møller et al. (2004) noted that temperature 

impact on manure CH4 generation, in batch loaded benchtop experiment, was not significant for 

shorter (<30 d) storage durations but for longer (90 d) storage times the temperature effect 

became highly significant. Husted (1994) found CH4 emission highly correlated with manure 

temperature and crust formation, but found reduced impact of crust with increasing air 

temperatures due to increased crust permeability with drying. This effect would be dependent 

on limited amounts of precipitation and evaporation exceeding added moisture at the manure 

surface. Flesch et al. (2013) found autumn and spring emission rates from swine manure were 

between the extremes measured in the winter and summer, winter emissions being about 11% 
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of the summer results. Each seasonal average was based on about 10 d measurement period. 

They further suggested that temperature alone could explain the reduction in winter emissions, 

which is also likely given the results of the current study. Sommer et al. (2007) concluded that 

temporal emissions from cattle slurry were strongly affected by manure temperature and 

adapted microbial population. The in situ manure temperatures at 0.6 m depth measured by 

Park et al. (2006), from Eastern Canada, and Flesch et al. (2013), from Western Canada, were 

comparable with results from this study while Husted (1994) and Møller et al. (2004) used batch 

loaded temperature controlled environment. 

Higher biogas production in manure samples taken from greater depths in the BMP assay trials 

indicates a greater biogas generation potential at depth in manure tank. This is attributed to 

higher availability of VS at depth and perhaps a more stable methanogen population, as 

temperature and oxygen levels vary more closer to manure surface. Temperature and oxygen 

level fluctuations put stress on the methanogens that have to adapt constantly to environmental 

condition changes, reducing population growth rate. Møller et al. (2004) compared incubations 

at 15°C and 20°C and found that at lower temperature, manure GHG emissions may be 

primarily by aerobic processes as CO2, while at higher temperature both aerobic and anaerobic 

processes (CO2 and CH4) are almost equally active. Under farm condition the shallower more 

aerated layer in manure storage will likely favor CO2 generation, although the BMP assay was 

carried out under strictly anaerobic condition. Storage emissions dominated by CO2 would be 

preferable in terms of GHG effects due to much higher GWP of CH4, which is 22-25 times that 

of CO2. Fractionation of dairy manure has shown higher CH4 production from manure solids 

compared to manure as a whole, and addition of straw increases the methane production still 

further (Møller et al. 2004). The downward migration of VS observed over time in this study into 

a zone with persistent anoxic condition and a more stable temperature regime (data not shown) 

likely added to the creation of conditions favorable to psychrophilic methanogen population 



 

40 
 

growth. Measured temperature range in manure was 5°C-20°C, excluding the near surface layer 

(0.05 m), which ranged from 1.5°C-22°C, but still within the psychrophilic temperature range 

(Fig. 2-2). However, the fact that solids content did not increase markedly below the 2 m depth 

indicates that saturation or maximum solids content was approximately 50,000 mg L-1 VS 

concentration. Barret et al. (2013) generally agrees with these findings and explains lower 

concentrations of VS and COD in surface manure samples from spring sampling as diluting 

effect from snow and ice thawing. In this study, a significant amount of water accumulated at the 

surface during spring sampling in 2011, as ice had just melted at the time of sampling. This 

diluted the manure at shallower depth and contributed to lowering concentrations of solids and 

COD. 

The temporal changes and difference in manure temperature values between 2010 and 2011 

are likely related to much greater manure depth in 2011 (Section 2.2.1). Due to the low solids 

content of the manure, particularly at lower depth, the high specific heat capacity of water 

limited heat transfer to deeper levels and subsequent warming. Reduction in CH4 emissions in 

this study from 2010 to 2011, despite higher manure volumes, is likely due to longer storage 

times as well as different temperature dynamics in the storage tank in 2011. As solids content in 

composite samples increased during the summer of 2011, probably due to evaporation, (data 

not shown) other factors like temperature were likely limiting, resulting in the decreased CH4 

emissions in 2011. No manure was added to the tank after February 2011, while during 2010 

additions of manure did occur before measurements began and again in July. More importantly, 

those additions took place during the summer and temperature in the manure profile was higher 

in 2010 to a greater depth than in 2011.  

Lack of precipitation in 2010 may also have affected emissions and allowed for evaporation and 

transfer of OM from the bottom layer higher up in the manure profile where a more active 

methanogen population existed. In 2011, a much larger volume of manure was present in the 
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tank at a constant surface area, reducing exposure to temperature and solar radiation. 

Additionally ice, snow, and rainfall in 2011 added significant volumes of water to the tank 

thereby reducing solids content in the surface layer of the manure. These factors resulted in 

lower transfer of heat into the manure profile, slowing down warming of the bulk of stored 

manure. In 2010, maximum temperature at depth (below 1m) occurred in July (~20°C) but in 

2011, the maximum temperatures were in September (~16.0°C). Longer storage duration of 

2011 resulted in less readily available VS for microbial consumption while more of the manure 

solids had migrated downwards in manure depth profile, perhaps below the active methanogen 

zone and to a zone with lower temperatures than in the manure during the 2010 seasons. For 

significant CH4 generation to occur several factors need to be simultaneously active: presence 

of bioavailable OM, a suitable adapted microbial population, and a temperature range high 

enough to support significant biological activity. Conditions for an ecosystem of this kind were 

likely more favorable in 2010, with high and uniform temperatures, than 2011 resulting in higher 

methanogen activity and greater CH4 release from the manure in 2010. The markedly lower 

temperatures at depth in 2011 likely slowed down microbial activity, including methanogen 

productivity. 

Assumptions in the IPCC protocols for CH4 emission calculations are based on generalized 

manure management that may differ from on-farm practices in southern Ontario. In this study 

the temporal manure management somewhat diverged from IPCC assumptions in loading and 

emptying of the manure storage. The overestimation of fluxes in spring and early summer of 

2011 and July of 2010 is probably a function of climate factors (f) that are based on air 

temperature and assumed van’t Hoff-Arrhenius law reaction rate, while actual temperature and 

biological activity in the manure was still low after the winter months. Similar magnitude of 

overestimation in July of both years may suggest that on an annual basis the pattern of 2011 

might have been the same in 2010 if data did exist (i.e. overestimation from March to July). It is 
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further plausible that the long storage period used in 2011 is an unusual manure management 

practice, and with more regular additions and removals of manure, the measured CH4 emissions 

in 2011 would have been more pronounced from Sept. to Nov., as in 2010. The relatively 

narrow difference in total annual estimated and measured emissions (3.8%) may indicate that 

the climate factors based on air temperature may be acceptable when looking at longer periods. 

Conversely, they may not well represent losses over shorter time periods presumably due to the 

moderating impact of the manure volume in liquid storages on manure temperature. This effect 

would include the lag between air temperature and manure temperature observed in this and 

other studies. When using climate factors based on sub-surface manure temperatures emission 

in this study, estimates became less comparable to measured emissions. This is the same 

pattern as observed by Park et al. (2006) when estimating swine manure emissions. Another 

assumption in the IPCC methodology is the total CH4 production potential (Bo) is constant, 

which has previously been identified as a source of error in estimation of CH4 release from 

stored manure (Chung et al. 2013; Karimi-Zindashty et al. 2012; Lory et al. 2010). There is a 

need to improve the laboratory derived Bo values used that are more representative of farm 

storage and climate condition, especially at higher latitudes where low temperatures prevail in 

manure storages for large parts of the year (VanderZaag et al. 2013). Owen and Silver (2015) 

estimated that available field-measured CH4 emissions in the literature were three times larger 

than modeled by IPCC methodology. Possible reasons for those discrepancies are limited 

datasets, measurement methodologies, and data processing that may lead to overestimation in 

the field. As discussed above, farming practices vary seasonally and regionally, and may 

therefore not align with IPCC generalization parameters. The close fit found for data from this 

study may owe to long temporal duration and high resolution of emission data collected and 

retained for analysis. 
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2.5. Conclusions 

Methane fluxes were continuously quantified from stored dairy manure over 481 d using a 

micrometeorological mass balance method, yielding 305 d of usable data. Manure properties 

and environmental parameters were simultaneously monitored, and biochemical CH4 potential 

from the manure was assessed. 

Fluxes varied monthly and seasonally, variability was largely regulated by internal manure 

temperatures, particularly at 2 m depth. From September 2010 to August 2011, 85% of CH4 

emissions occurred in summer and fall while 15% took place during winter and spring. 

Measured emissions varied between months by -357% to 88% of estimated emissions using 

IPCC methodology but on an annual basis the measured emission were 3.8% higher than 

estimated. 

The long duration of this study generated data from all seasons of the year while the variability 

of the data between seasons and years needs adequate explanation before improved estimates 

of CH4 emissions are accomplished. Manure management during the trial may have been 

somewhat unusual in duration of storage without spreading and new input of manure to liquid 

storage. The current approach to budgeting and modelling CH4 would benefit from better 

understanding of dynamics between environmental conditions, microbial activity, and resulting 

CH4 generation and emissions at the farm level.  
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Chapter 3. Impact of manure storage conditions and time on 

decomposition of and losses from liquid dairy manure stored in a 

temperate climate  
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Abstract: Large volumes of generated animal manures necessitate knowledge of how its 

production and storage affects composition, losses, and utilization potential. Stratification of 

liquid dairy manure was the main source of observed variability within outdoor uncovered 

manure storage, during a yearlong monitoring of 24 physicochemical manure parameters. 

Coefficient of variation (CV) ranged from 4% to 24% for plant nutrients and 33% to 89% for 

biogas feedstock parameters. Nitrogen (N) volatilization losses during storage between manure 

additions were ∼10% mo-1 of total Kjeldahl nitrogen (TKN). Acetic acid was up to 100% of total 

volatile fatty acid concentration. Bioavailability and solubility of manure parameters, reflected in 

ratios of volatile solids to total solids (VS:TS), total ammoniacal nitrogen to total Kjeldahl 

nitrogen (TAN:TKN), and dissolved phosphorus to total phosphorus (O-PO4:TP) ratios was high. 

There was substantial pathogen survival during the study with an increased count with added 

manure. Manure temperature changes and precipitation levels likely played a major role in 

mineralization and volatilization rates of nutrients and reduction of solids, especially in surface 
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levels of manure in storage. Study results underline the importance of sampling method, timing, 

and location within stored manure to obtain representative samples unless thorough mixing is 

previously applied. 

Keywords: manure storage, sampling variability, mineralization and losses, nutrients and 

pathogen content.  
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3.1. Introduction  

Animal manures are unavoidable products of livestock systems, and can have considerable 

value if properly utilized. Cattle farming in Canada generates up to 85% of an estimated 180 

million tonnes of annual manure production (Hofman and Beaulieu 2006), which can create 

problems from excessive nutrient loads on a regional basis. Ontario, in particular, has 

watersheds where manure production reaches maximum levels of 6000–9000 kg ha-1 annually -1 

(Statistics Canada 2008), resulting in potential environmental concerns. Manure storage can 

allow optimal manure application timing to minimize environmental impacts and maximize crop 

nutrient use; however, prolonged storage of manure may alter its composition. Analysis of 

manure is often limited to nutrient analysis, while broadened application and environmental 

concerns related to its use merit more thorough characterization. Depending on animal type and 

production system, farm manure can be collected as solids or liquid, and stored stockpiled or in 

liquid storages which often are in excess of 2.5 m deep with storage times of several months 

(AAFC 2016).  

Historically, manure has been valued based on the macronutrients nitrogen (N), phosphorus 

(P), potassium (K), magnesium (Mg), sulfur (S), and organic matter (OM) content. There is 

considerable nutrient variability in excreted manure, arising from feed ration composition, feed 

intake, and animal type and production levels (Safley et al. 1984; Koelsch 2006). After 

excretion, manure nutrient concentrations are affected by type of housing, manure management 

system, bedding, and timing of manure removal, storage conditions, and storage duration 

(Higgins et al. 2004; Umetsu et al. 2005; Mathot et al. 2012; Wightman and Woodbury 2016). 

For liquid dairy manure systems, additions of milk waste and cleaning water affect manure 

properties (Wu et al. 2011). Consequently, large farm to farm variations in manure properties 

may arise (Jokela et al. 2010) and the use of estimates of manure volume and nutrient content 

(ASABE 2005) may result in large errors in nutrient application on farms. Thus, it is important to 
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gain a better understanding of the impact of handling and storage on manure properties so as to 

address its agronomic value (Schroder 2005) and nutrient availability (Pagliari and Laboski 

2012).  

Stored manure may contain a range of undesirable components from indigenous animal gut 

flora to zoonotic agents, bacteria, and weeds that require management (Martens and Bohm 

2009). More than 250 types of microbial pathogens have been identified in animal manures, and 

these can survive for months in storages and after land application (Gerba and Smith 2005; 

Nicholson et al. 2005). From soil, pathogens may be transferred into waterways to become a 

human health hazard (Goss and Richards 2008; Jacobsen and Bech 2012). However, results of 

pathogen survival in laboratory condition are known to differ from those under field condition 

(Manyi-Loh et al. 2016), thus, knowledge of the type and amounts of pathogens and their 

survival rates in farm storages is needed to improve estimates of risks from land application of 

manure.  

More recently, dairy manure has been assessed as a suitable feedstock for agricultural 

anaerobic digester (AD) biogas systems; however, variability in biogas yields, and thus AD 

efficacy, suggests a need for further characterization of this substrate (Godbout et al. 2010; 

Labatut et al. 2011). Total and volatile solid (TS and VS) concentrations, and carbon (C) and N 

contents, are commonly used to estimate biogas generation potential but are also used in waste 

management research (El-Fadel et al. 1997). Chemical oxygen demand (COD) has traditionally 

been used to indicate wastewater energy content (Heidrich et al. 2011) and may be used to 

estimate methane (CH4) generation potential. However, biogas generation can be inhibited by 

various feedstock properties, including volatile fatty acid (VFA), ammonia (NH3), K, and S 

concentrations (Chen et al. 2008). For these reasons, broad characterization of dairy manure 

properties could increase manure value for multiple uses, while minimizing environmental 

impacts of storage and use.  
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Manure sampling can be a source of variation in manure analysis results, coefficient of variation 

(CV) values may range from 6%–8% to as high as 20%–30%, even within farms, depending on 

sampling location and number of sub-samples taken (Dou et al. 2001; Davis et al. 2002). 

Manure sampling for nutrient content is frequently done following homogenizing mechanical 

mixing of manure, while sampling for feedstock properties and research purposes is often based 

on grab samples from undisturbed barn or outdoor manure storages. Therefore, effects of 

sampling location and subsampling on manure composition are of greater importance for grab 

samples to explain sources of variability in results than for homogenized stored manure. There 

is also a lack of studies that systematically evaluate manure feedstock parameter variability, 

such as VFA or COD.  

 Although some studies have measured the effect of storage condition and time on manure 

properties (Patni and Jui 1987), few have considered on-farm open liquid storage conditions, 

which is the focus of this study. Study objectives were to (i) quantify and characterize spatial 

and temporal variability of liquid dairy manure composition stored under typical temperate 

climate condition, (ii) assess biological activity and nutrient value, and (iii) discuss the 

implications for manure storage and utilization.  

3.2. Materials and Methods  

3.2.1. Manure management and sampling  

The experimental site was on a commercial dairy farm near Drayton, Ontario (43°45′N, 

80°40′W). Livestock consisted of 170 Holstein cows and 45 heifers kept in 3 barns. The feeding 

regime consisted of a total mixed ration as described in Ngwabie et al. (2014). Manure was 

mechanically scraped from the dairy and dry cow barn several times a day into an under barn 

collection tank, which had up to 6 wk storage capacity. Wash water and milk waste were added 

to manure, as were the liquid fraction of heifer manure. Wheat straw was used as bedding in all 
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barns. The dairy barn collection tank content was periodically land applied or emptied into an 

uncovered outdoor concrete storage tank that was 30.5 m in diameter and 3.7 m in depth with 

about 1.5 m above grade. Levels of manure in the storage tank varied, with depths from 1.2 to 

3.1 m, resulting in 850-2550 m3 volumes throughout the study.  

Manure was sampled from the storage tank every 1–3 mo from August 2010 to August 2011 

using a sampler consisting of a PVC pipe (3.7 m long, 5.1 cm ID) and a steel rod (0.64 cm OD) 

running the length of the PVC pipe, attached to a rubber stopper at the sampler bottom end and 

to a wingnut at the top end, used to open and close the sampler. By-depth sampling was 

conducted at 0.5 m increments from the manure surface to the tank bottom, starting with 0.25 m 

as the target depth. Hence, eight by-depth sampling dates yielded 38 samples. A separate 

composite sample of the continuous depth profile from surface to bottom was taken nine times 

during the study. Each sample consisted of five subsamples from different locations around the 

perimeter of the tank with an aliquot stored in a 0.5 or 1.0 L wide mouth plastic bottles 

(Nalgene®). Sample bottles were placed in a cooler in the field and stored at 4 °C until shipped 

for analysis, up to 7 d after sampling. Sampling method consistency was assessed by sampling 

(three replicates) at same location and depth (1.25 m) in the tank (22 October 2010). 

Subsequently, tank variability was investigated by repeated sampling (five replicates) at the 

same depth (1.25 m) but different locations around the perimeter of the tank on 29 October 

2010. Each of the three and five replicates consisted of five subsamples as described for 

regular sampling.  

Manure depth was measured manually biweekly until 15 Nov. 2010 and then by a sonic 

distance sensor (model SR50A, Sonic Ranging Sensor, Campbell Scientific Canada Corp., 

Edmonton, AB, Canada). Temperature was measured by copper-constantan thermocouples at 

three depths (0.05 and 1.0 m from surface, 0.5 m from bottom) and three locations; in tank 

center and two opposite locations by tank perimeter. Air temperature was measured by a 
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shielded copper-constantan thermocouple sensor at about 2.0 m height and rainfall with a rain 

gauge (model 7499, RIMCO Syphon Tipping Bucket Rain Gauge, McVan Instruments Pty Ltd, 

Victoria, Australia). Measurements from all sensors were collected at 30 min average intervals.  

3.2.2. Manure analysis and data processing  

In total, 24 parameters were quantified, including nutrient content and forms, digester feedstock 

and waste properties, and pathogen content. Not all parameters were quantified for all sampling 

dates or sample type (composite and by-depth) due to resource restraints.  

An electrometric method (4500-H+ B, APHA et al. 2005) was used to assess pH of samples with 

a glass electrode (Accumet™). Alkalinity was estimated by titration method (2320 B, APHA et 

al. 2005). Total solids (TS) were determined by drying at 105 °C for 12 h and volatile solids (VS) 

through ignition at 550 °C for 12 h (2540 B, 2540 E, APHA et al. 2005). Total nitrogen (TKN) 

analysis was based on a Macro-Kjeldahl method (4500-Norg B, APHA et al. 2005). Total 

ammoniacal nitrogen (NH4 + NH3) was measured with an NH3 selective electrode (Orion™) 

(4500-NH3 D, APHA et al. 2005), and nitrate nitrogen (NO3
−) by nitrate-selective electrode 

(Orion™) (4500-NO3
− D, APHA et al. 2005). Use of the electrode method was due to inherent 

color and solids content of manure samples. A colorimetric method could not be used due to the 

high solids and color of the samples.  

Total phosphorus (TP) was assessed using persulfate digestion (4500-P B) and ascorbic acid 

method (4500-P E), also used to quantify dissolved phosphorus (O-PO4) after pre-filtering of 

samples with 0.45 μm filter (APHA et al. 2005). Analysis of total potassium (K), magnesium 

(Mg), and sulfur (S) was by acid digestion based on Anderson (1996) and inductively coupled 

plasma atomic emission spectroscopy.  

Total carbon (TC) content was determined by dry combustion and oxidation (LECO SC444™) 

and inorganic carbon (IC) by the same method following ashing procedure at 475 °C for 3 h. 
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Organic carbon (OC) was determined by difference (Nelson and Sommers 1982). Analyses of 

total chemical oxygen demand (tCOD) and soluble chemical oxygen demand (sCOD) were 

based on the closed reflux standard method (5220 D, APHA et al. 2005). Samples for sCOD 

analysis were pretreated by centrifugation at 1500 rev min-1 and filtering with 0.45 μm filter. 

Butyric, propionic, and acetic acid values were assessed through a standard volatile fatty acid 

determination procedure (EIT 2007), summation gives total volatile fatty acid concentration 

(tVFA). Membrane filter technique for members of the coliform group was used for all 

pathogenic agents (9222 B, APHA et al. 2005) accompanied with appropriate culture media for 

each species. 

Processing of data from manure analysis included descriptive statistics, variance analysis, and 

regressions, generated by MS Excel™ 2010 (Microsoft Corp. 2010). This analysis utilized built-

in Excel statistical functions (e.g., STDEV, MEDIAN, MIN, and MAX) and Analysis ToolPak add-

in program (e.g., regression using least squares method and the LINEST function). Graphs 

were generated using Grapher 10 Graphing System (Golden Software Inc., Golden, CO, USA).  

3.3. Results and Discussion  

3.3.1. Environmental conditions during study  

Manure levels fell slightly during warmer periods of both years, especially in 2011 when manure 

levels fell by 2.1% May to August despite 410 mm of accumulated rainfall, likely due to 

evaporation. Contrarily, during colder seasons accumulated water from rain and snow was an 

estimated 0.5–0.6 m in increased depth from late November 2010 to end of May 2011 (Fig. 3-1). 

This accumulated water amounted to an estimated 16%–19% of total manure volume at the 

time or 365–438 m3. Manure was added to the storage tank on 19–20 July 2010 and partly 

emptied on 1 Nov. 2010. Further manure additions took place on 14–15 Jan. and 24–25 Feb. 

2011.  
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Fig. 3-1. Monthly average manure depth (top), accumulated rainfall (center), and ambient average 

temperatures (bottom) in and around concrete liquid manure storage during the study and the month 

before and after study duration (August 2010 to August 2011). Manure storage tank activities are 

indicated relative to time of month: manure additions (A), manure removal (R), manure surface freeze (F), 

manure surface thaw (T), and manure sampling events (↓). Temperature measurements: air temperature 

(x), manure temperatures at 0.05 m depth (•), 1 m depth ( ◘ ), and 0.5 m from storage bottom (◊).   

The temperature difference between the surface and bottom of the tank was 0.6-1.8 °C in July 

to October 2010 and as high as 12 °C in July 2011. However, surface temperatures (∼0.05 m 

below surface) closely followed air temperatures except for 4.5 mo when the storage tank 

surface was frozen solid and snow covered, decoupling manure surface temperatures from air 
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temperatures. In January 2011, average air temperature fell to −9 °C, whereas manure 

temperatures averaged 2–7°C and remained 4–5 °C until spring (Fig. 3-1).  

3.3.2. Solids concentration  

The TS and VS concentrations in composite samples averaged 48.6 (4.9%) and 36.0 g L-1 

(3.6%), respectively (Table 1). This is less TS than the 71 and 104 g L-1 reported by Massé et al. 

(2008), but within the reported range of 1%–14% in dairy manures from Ontario farms (Brown 

2013). Lower TS concentration may cause higher CH4 emissions from manure per unit of solids. 

For example, Massé et al. (2003) incubated dairy manure with 4% and 9% TS concentration 

and found that the lower TS resulted in significantly greater biogas generation. VS 

concentration, which is more bioavailable, was 74%–77% of TS (n = 8), indicating that 23%–

26% of the solids were more recalcitrant in nature. Kafle and Chen (2016) found 9.3% of TS in 

fresh dairy manure to be lignin, which negatively affected manure bioavailability for biochemical 

methane potential. In this study, feed was substantially sourced from forages; 76% and 89% for 

high-and low-producing cows, respectively (Ngwabie et al. 2014), addition of straw used for 

bedding could have resulted in relatively higher levels of lignin in the stored manure. From 

September 2010 to August 2011, VS concentration decreased steadily above 2.0 m depth, by 

76% at 0–0.5 m depth (from 41.8 to 10.1 g L-1) and by 51% (from 44.4 to 21.8 g L-1) at the 1.0–

1.5 m layer (Fig. 3-2). At the same time, VS concentration at the 1.5–2.0 m depth level fell over 

winter, probably from dilution due to added water but increased during summer, possibly 

affected by evaporation, resulting in 8.2% change over a year period (43.3–39.7 g L-1). Below 

2.0 m depth, VS concentration remained stable at about 50 g L-1 throughout the study. This 

bottom sludge layer became thicker with increasing depth and storage time; on average, the 

layer was about 0.5 m thick in 2010 and over 1.0 m thick in 2011, whereas average manure 

depth was 1.35 and 3.15 m, respectively. 
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Table 3-1. Liquid dairy manure concentrations in an uncovered manure storage sampled regularly from 

August 2010 to August 2011. Each sample consisted of five subsamples taken from different locations 

around manure storage perimeter. Composite samples represent depth profile of manure taken while not 

all parameters were quantified for every sampling date. Special one-time sampling to assess tank 

variability (n = 5) and sampling consistency (n = 3) took place in October 2010. 

--------------------------------------------------  Composite samples  ---------------------------------------------  Tank 

variability 

Sampling  

consistency Parametera) Units Mean(±CI) SEM CV (%) Min Max n  CV (%) CV (%) 

pH  7.3(±0.2) 0.1 3.1 6.9 7.5 8  0.1 0.4 

TS 

g L-1 

48.6(±6.9) 3.5 20.5 37.3 65.8 8  1.4 4.4 

VS 36.0(±5.9) 3.0 23.4 25.2 49.7 8  11.2 4.8 

tCOD 25.1(±5.3) 2.7 32.5 12.5 34.5 9  6.1 11.1 

sCOD 9.0(±2.6) 1.3 43.5 5.2 16.9 9  6.2 20.3 

tVFA 4.4(±4.1) 2.1 83.0 0.3 7.3 3  59.8 111.8 

BTA 0.3(±0.3) 0.2 88.9 0.1 0.5 3  n/a n/a 

PPA 1.3(±0.6) 0.3 38.7 1.0 1.7 3  n/a n/a 

AcOH 3.4(±3.0) 0.2 79.7 0.3 5.1 3  54.7 123.5 

TKN 2.1(±0.3) 0.2 24.2 1.2 2.7 9  4.6 3.8 

TAN 1.1(±0.2) 0.9 24.4 0.6 1.4 9  15.0 5.2 

NO3
- 0.04(±0.02) 0.08 63.4 0.01 0.08 9  53.6 25.5 

TP 0.34(±0.04) 0.02 17.5 0.28 0.46 8  8.3 9.1 

O-PO4  0.28(±0.04) 0.02 20.8 0.17 0.40 9  8.4 5.3 

Mg 

mg· g DM-1 

9.2(±0.6) 0.3 4.6 8.9 9.5 2  5.8 4.9 

K 35.0(±2.0) 1.0 4.0 34.0 36.0 2  5.1 6.5 

S 4.4(±0.3) 0.15 4.9 4.2 4.5 2  4.8 3.6 

TC 

% DM 

41.2(±0.5) 0.3 0.9 40.9 41.4 2  1.8 0.5 

IC 0.59(±0.39) 0.2 47.5 0.4 0.8 2  22.3 15.8 

OC 40.6(±0.1) 0.1 0.2 40.5 40.6 2  2.2 0.9 

Escherichia  coli 

CFU 

100 ml-1 

3.3E+05(±3.6E+05) 1.9E+05 158.0 8.0E+03 1.2E+06 8  28.4 16.9 

Salmonella spp. 2.1E+05(±2.6E+05) 1.3E+05 178.1 1.0E+04 1.1E+06 8  160.3 117.5 

Enterococci 9.2E+05(±8.8E+05) 4.5E+05 138.0 1.8E+04 3.7E+06 8  42.6 14.4 

Clostridium perfringens 5.6E+06(±2.1E+06) 1.1E+06 51.9 1.9E+06 9.1E+06 7  29.4 29.3 

Note: CI, 95% confidence interval; SEM, standard error of sample mean; CV, coefficient of variation; TS, total solids; 

VS, volatile solids; tCOD, total chemical oxygen demand; sCOD, soluble chemical oxygen demand; tVFA, total 

volatile fatty acids; BTA, butyric acid; PPA, propionic acid; AcOH, acetic acid; TKN, total Kjeldahl nitrogen; TAN, total 

ammoniacal nitrogen; NO3
−, nitrate, TP, total phosphorus; O-PO4, dissolved P; Mg, magnesium; K, potassium; S, 

sulfur; TC, total carbon content; IC, inorganic carbon; OC, organic carbon. 
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By August 2011, there was a strong gradient of VS concentration with depth (line graph, Fig. 3-

2). These results suggest a combination of initial settling to depth, and OM degradation from 

aerobic and anaerobic processes at shallower depths (<1.5 m), possibly temperature driven in 

the warmer months. 

 

 Fig. 3-2. Volatile solids (VS) concentration (g VS L-1) trends by depth in uncovered concrete liquid dairy 

manure storage over 11 mo period (September 2010 to August 2011), selected sampling dates, sampled 

in 0.5 m increments. Each sample is based on five subsamples from each manure depth layer sampled 

taken from different locations around manure storage perimeter. Sampling category for 2.5–3.0 m depth 

is missing for September and October 2010 because of lower manure depth levels at time of sampling. 

Line graph indicates VS concentration at August 2011 sampling for each depth.  
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 It is also likely that dilution by precipitation (rain and snow) decreased solids concentration in 

surface layers. Patni and Jui (1987) also found large changes in TS and VS concentration in the 

top 1 m layer of a 2.85 m manure depth, but their system was closed and manure depth did not 

change. They suggested that this was probably due to more active aerobic processes and 

volatilization at shallower depths. Similarly as in this study, they observed small change in solids 

below 1.8 m, suggesting that loss of solids primarily took place in the upper levels of manure 

storage.  

3.3.3. Chemical oxygen demand content and variability  

 The average tCOD and sCOD concentrations in composite samples were 25.1 (CV = 32.5%) 

and 9.0 g L-1 (CV = 43.5%), respectively (Table 1). The tCOD values from this study are 

comparable to those others have found for dairy manure, i.e., 23.6 (Li et al. 2010) and 39.8gL-1 

by Neves et al. (2009) but lower than those obtained from raw manure (87.6–104.6 g L-1) by 

Massé et al. (2008). The relatively high CV is likely due to the gradual change in COD over time 

and with depth, as the CV for sampling for horizontal tank variability was only ∼6% (Table 1). 

The sCOD:tCOD ratio in composite samples was 59% in August 2010, fell to a low of 24% in 

December 2010, before rising again to 52% in August 2011. This reflects seasonal temperature 

changes that limit OM decomposition overwinter leading to lower partially decomposed and 

soluble OM levels that sCOD indicates.  

Average tCOD in by-depth samples increased by 82% from the surface to the bottom of the tank 

(19.2–34.9 g L-1; R2 = 0.97; p < 0.001), whereas sCOD increased by 40% (7.1–9.9 g L-1; R2 = 

0.96; p < 0.001), suggesting more organic compounds by depth. Levels of sCOD in composite 

samples dropped by 65% from August to October 2010 (16.9–5.9 g L-1) but only by 23% from 

April to August 2011 (8.5–6.5 g L-1), both periods without manure additions or removals. The 

sCOD values are an indirect indicator of bioavailable OM, therefore, these changes could reflect 

temperature-dependent biological activity in the manure during the warmer seasons and less 
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readily available OM in 2011. In 2010, manure temperatures were similar throughout the 

manure profile and monthly averages reached a high of over 20 °C while in 2011 manure 

temperatures below 1 m never rose above 16 °C possibly due to greater manure volumes (Fig. 

3-2). The increased tCOD with depth correlates well with VS concentration (R2 = 0.99; p < 

0.001) and more significantly than sCOD (R2 = 0.88; p < 0.01). Perhaps this reflects a lower 

decomposition rate at greater depth where the tCOD reflects total oxidizable OM while sCOD 

reflects the bioavailable or partially decomposed OM.  

3.3.4. Volatile fatty acid contents and manure decomposition dynamics  

There was substantial spatial and temporal variation in VFA concentration in this study. The 

tVFA in composite samples averaged 4.4 g L-1, with a CV of 83% (Table 1). Similarly, high 

variability was observed in by-depth samples with time. Between 15 April, around surface thaw, 

and 8 August 2011, the average tVFA concentration above 1.0 m depth fell by 82%, from 3.5 to 

0.63 g L-1, during the same period, average tVFA content below 2.0 m depth fell by 2% (3.4 vs. 

3.3 g L-1). A review by Page et al. (2014) reported high spatial and temporal variability in manure 

VFAs for a range of studies, suggesting that this was likely due to both real variation in manure 

properties and differences in study methods.  

In September and October 2010, tVFA was composed of nearly 50% each of acetic and 

propionic acid at all five sampling depths, with butyric acid making up between 1% and 3% of 

the share. However, for the remainder of the study period, tVFA was composed mostly of acetic 

acid (92%–100% from December 2010 to August 2011). The predominance of acetic acid in 

tVFA is similar to what other studies (Patni and Jui1985; Page et al. 2014) found. Because 

acetic acid originates both from acidification and from degradations of propionate and butyrate 

(Nozhevnikova et al. 2000), the increasing dominance of acetic acid may indicate kinetic 

instability between acid producing and consuming microbes (Ahring et al. 1995). It is also 

possible that hydrogenotrophic production of CH4 became preferential over acetoclastic 
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methanogenesis as suggested by Barret et al. (2013) and Nozhevnikova et al. (2000). In this 

study, temperature differences from surface to bottom were less than 2 °C in summer of 2010, 

but up to 12 °C in 2011 due to greater manure volumes (Fig. 3-1), which slowed down warming 

at depth. It is, therefore, probable that shifting manure temperatures affected environmental 

conditions that limited or disrupted the anaerobic degradation process by depth in the manure 

storage and thereby VFA production and consumption.  

The consistently high variability for VFA in this study, 83% CV for composite samples, 60% CV 

for tank variability, and 112% CV for sampling variability (Table 1), likely had multiple sources 

including spatial variability, sampling error, and analytical errors. The 112% CV for sampling 

variability suggests either sampling or analytical error as the repeated sampling was done at the 

same depth and location. In general, the analytical equipment used for VFA quantification is 

reported to give good precision and accuracy (Fernández et al. 2015), even for manure (Peu et 

al. 2004). However, Raposo et al. (2013) claimed human error in sample preparation and 

equipment calibration as the primary reason for 75% of 25 participating laboratories in 15 

countries to miss quality standard limits for VFA analysis. The errors they found were 

particularly high for short chain VFAs that include acetic acid, the main source of tVFA in this 

study. It would be difficult to quantify sources of the observed errors in this study, but the high 

variability suggests a need to scrutinize results of VFA analysis from manure storages or AD 

facilities using manure as feedstock.  

3.3.5. Ammoniacal N and pH dynamics, carbon contents, and C: N ratios  

Relatively stable concentrations of TAN in composite samples averaged 1.1 g L-1 (Table 1), with 

levels in April to August 2011 (0.85 g L-1) 35% lower than those in August to October 2010 (1.3 

g L-1). Correspondingly, average concentration in three by-depth (five depths) samples taken 

September to October 2010 remained similar with depth and averaged 1.3 g L-1 (R2 = −0.33; 

ns), while three samples from six depth layers April to August 2011 averaged 0.91 g L-1 and 



 

60 
 

increased from 0.56 to 1.2 g L-1 (R2 = 0.92; p < 0.001) at 0.25 to 2.75 m depth, respectively. 

There was 30% lower TKN levels in composite samples and up to 50% less TAN at shallower 

depths (0–1.5 m) in summer 2011 compared with summer 2010. These findings agree with 

Kirchmann and Witter (1989), who found nitrogen losses during 201 d storage were <1% from 

anaerobically stored manure while up to 44% of total N was lost during aerobic storage. Post-

storage levels of total N were >95% organically bound in aerobic manure compared with ∼40% 

in anaerobic manure. These results can be applied to this study; the liquid manure at deeper 

levels was under anaerobic condition while closer to surface aerobic condition dominated. 

These different environments resulted in contrasting N decomposition and volatilization 

dynamics between shallower (approximately 0–1.5 m) and deeper levels (i.e., 2–3m), 

particularly in 2011when manure levels were higher and storage times were longer compared 

with 2010.  

In general, immobilization of N begins to take place with C:N ratio >20, but in this study, C:N 

was below 20 in 38 by-depth samples and average C:N ratio increased by depth between 6.5 

and 12.3 from 0.25 to 2.75 m, respectively (R2 = 0.98; p < 0.001). Correspondingly, average C 

contents increased somewhat by depth (Fig. 3-3), 35.9%–41.4% from 0.25 to 2.75 m, 

respectively (R2 = 0.92; p < 0.01), whereas N content (as % DM) fell from 5.7% to 3.7% (R2 = 

0.97, p < 0.001). Consequently, the increasing C:N ratio by depth can be explained by the 

relatively modest increase of C by depth and comparatively higher drop in N with depth.  

No clear trends were observed in pH, neither temporally nor spatially; over the year pH 

averaged 7.3 and ranged from 6.9 to 7.5 in composite samples (Table 1), while 38 by-depth 

samples had an identical mean and range as composite samples (R2 = 0.08; ns). In general, pH 

in manure is partly regulated by NH3 concentration, along with CO2, VFAs, and other 

parameters (Hafner et al. 2013), while pH will influence the ratio of NH4 and NH3 in the manure. 
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Considering the relatively low and stable pH, likely drivers of volatilized NH3 are initial urea 

concentration (Webb and Misselbrook 2004),  

 

Fig. 3-3. Average total carbon (TC), inorganic carbon (OC), and inorganic carbon (IC) content (% DM) in a 

liquid dairy manure sampled by depth in 50 cm increments from an outdoor uncovered storage over a 

year period (September 2010 to August 2011), n = 6–8 for depths 0–50 to 201–250 cm, n = 3 for 251–

300 cm depth due to fluctuating depth in storage. Error bars are the standard error of the sample mean 

(SEM).  

particularly near surface, as pointed out by Kirchmann and Witter (1989). Further longer term 

NH3 losses are probably through mineralization of organically bound N that subsequently may 

be volatilized and depleted under the oxygenated zone at shallower depth while accumulating 

as TAN at depth (Aguerre et al. 2012). Presence of a naturally forming crust, not noteworthy in 
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this study, was found to reduce NH3 losses (Sommer 1997; Smith et al. 2007), but crust may 

also lead to increased N2O emissions (Aguerre et al. 2012), offsetting the NH3 loss reduction. 

More effective NH3 volatilization mitigation strategy for open manure storages, albeit more 

expensive, are synthetic surface covers (VanderZaag et al. 2008; Hou et al. 2015).  

3.3.6. Agronomic aspects: nutrient contents and transformations  

The average TKN concentration in the composite samples was 2.1 g L-1 over nine sampling 

dates (Table 1), which are similar to published values in Ontario of 2.5 g L-1 (0.25%) (Brown 

2013). Average TKN concentration increased by 28% from 0.25 to 2.75 m depth (1.8–2.3g L-1; 

R2 = 0.53; ns). From October 2010 to January 2011, TKN decreased by 31.2% (2.7–1.9 g L-1), 

for an average loss of 0.32% per day. From April to August 2011, another period in which no 

manure was added to the tank, TKN dropped by 40% from 2.1 to 1.2 g L-1, or 0.35% loss per 

day. For the same period, a TKN reduction of 33% was found in by-depth samples using a mass 

balance calculation (n = 3 for each depth, total 18 samples), or 1478 kg N in 115 d resulting in 

12.9 kg N d-1 losses from 15 April to 8 August 2011. These storage losses are similar to the 

range reviewed by Welty et al. (1986) for liquid manure storages, averaging 30% but as high as 

65% depending on manure handling and storage design. Similarly, Oenema et al. (2007) 

estimated average manure N losses during storage in the EU to be 30% of total excreted N. 

These N losses represent an opportunity for nutrient recovery (Hou et al. 2017) and a monetary 

replacement value in a farm nutrient cycle as well as impacting on air quality from NH3 

emissions.  

Readily available plant mineral N (TAN) averaged 54% of composite sample TKN, with a 

minimum of 34% in April 2011 but ranging from 48% to 72% in summers of 2010 and 2011. The 

TAN content in this manure is comparable with 66% that Kessel and Reeves (2002) reported, 

whereas NO3
− concentrations were low in this study (Table 1; Fig. 3-4). Mineral N content 

variability is consistent with NH3 volatilization processes described for ammoniacal N (see 
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Section “Ammoniacal N and pH dynamics, carbon contents, and C:N ratios”) and subsequent 

losses of TKN reviewed above. At first sight, the relationships between TKN and TAN seemed 

weak; no relationship for composite samples (R2 = 0.32; ns) but stronger with depth (R2 = 0.73; 

p < 0.05). 

 

Fig. 3-4. Development in composite samples concentrations (g L-1) of total Kjeldahl nitrogen (TKN), 

ammoniacal nitrogen (TAN), total phosphorus (TP), and dissolved phosphorus (O-PO4) over a 13 mo 

period (August 2010 to August 2011) in an uncovered liquid dairy manure storage. In all nine sampling 

dates are presented except TP value for 8 Aug. 2010 is missing.  

 During the periods previously discussed for TKN losses, September to October 2010 and April 

to August 2011, seemingly two contrasting processes were active in by-depth samples; during 

the fall of 2010 (September–October) no relationship is detected between TKN and TAN (R2 = 

−0.22; ns) while in 2011 (April–August) a strong association is observed in the data (R2 = 0.99; 
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p < 0.001). Potentially in 2010, with relatively fresh manure in the storage tank, the main source 

of TAN was from urinary N, which is known to be easily converted to NH3 (Nahm 2003; Lee et 

al. 2012; Hou et al. 2015), which explains the lack of relationship with TKN. Conversely, in 2011, 

the stored manure had been in the storage up to a year more likely making organically bound N 

the main source of TAN in the manure as the more easily available forms of N had been 

depleted. This could also explain the lower amounts of TAN in 2011 compared with 2010 

previously discussed.  

The mean TP concentration was 0.34 g L-1 for composite samples (Table 1) and 0.32 gL-1 in 38 

by depth samples, with increased average concentration L-1 of 44% from surface to bottom 

(0.26–0.37 g ; R2 = 0.84; p < 0.01). These means are lower but comparable with the 0.4 g L-1 

(0.04%) reported for Ontario dairy manure of similar solids concentration (Brown 2013). 

Orthophosphate-P (O-PO4) concentration, representing soluble P in the manure averaged 88% 

(77%–99%) of TP in the composite samples. This implies high plant availability of this manure P 

and perhaps higher than current liquid dairy manure P source coefficient (PSC) of 0.45 currently 

used in Ontario (Reid 2011). Other research has suggested that the PSC used in Ontario should 

be 0.65 (Wang et al. 2016), and that manure P can be up to 100% bioavailable (Eghball et al. 

2005; Pagliari and Laboski 2012), indicating the potential for elevated risk of P losses to the 

environment after land application. Conversely, high manure P bioavailability would also create 

opportunity for reduced P application from manufactured fertilizer and thereby reduce total P 

application to soil (Ribey et al. 2016).  

The K amounts in composite samples were similar for both August 2010 and August 2011 (36 

and 34 mg·gDM-1, respectively). Average by-depth K quantities fell 54% from surface to bottom 

(62–29 mg g-1; R2 = 0.91; p < 0.01) with overall average of 44.1 mg g-1(n = 38). Potassium in 

manure is reported to be up to 80% suspended in the liquid phase (Lorimor et al. 2000) and the 

remainder mostly associated with particles <0.125 mm size (Meyer et al. 2007). Although K 
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concentrations decreased by depth on g DM basis, the percent K content in the manure on an 

as-is basis was similar throughout the depth profile, averaging 0.20% (range: 0.18%–0.21%) 

over the six depths sampled, due to the increasing TS with depth in this study. 

Manure S content in this study was 4.4 mg·g DM-1 in two composite samples (October 2010). In 

38, by-depth samples from September 2010 to August 2011, S content averaged 5.0 mg g-1. 

These values are lower but comparable with Petersen et al. (2012). From April to August 2011, 

S concentration increased by 17% in the top layer (6.6–7.7 mg g-1) but decreased by 10% in the 

deepest layer (4.2–3.8mg g-1), probably indicating higher levels of decomposition and lower 

solids concentration at shallower depth. This is further suggested by 79% increase in S content 

in surface layer (0–50 cm) from September 2010 to August 2011 (7.7 vs. 4.3 mg g-1). Similar to 

Eriksen et al. (1995), levels of S were significantly related to both average TS and VS at each 

depth (R2 = 0.98; p < 0.001) while relating less significantly to TKN concentration (R2 = 0.73; p < 

0.05). Overall mass balance S content changes indicated negligible losses during storage (i.e., 

September to October 2010 and April to August 2011), and increase with added manure. 

Likewise, Beard and Guenzi (1983) found only 1.7% of total S being volatilized from incubated 

slurry and Banwart and Bremner (1976) found no volatilized S from range of soils incubated 

under both aerobic and anaerobic conditions. Consequently, risk for volatilization of S may be 

higher during mixing and spreading of manure (Moeller and Mueller 2012), and only small 

losses might occur during undisturbed storage of liquid manure.  

3.3.7. Bacterial pathogen counts and survival, implications for land application of 

manure  

During 11 mo of monitoring pathogen contents in stored manure (September 2010 to August 

2011), Escherichia coli and Salmonella numbers fell 1–2 log counts, whereas Enterococci and 

Clostridium perfringens counts were similar at the beginning and the end of study (Fig. 3-5). 

Effects of manure additions in January and February 2011 were still evident in April 2011 
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samples, 2–3 mo after manure addition, when E. coli and Enterococci counts increased 2.2 and 

1.6 log counts, respectively, compared with January 2011 sampling.  

 

Fig. 3-5. Changes in manure pathogen count over an 11 mo period (September 2010 to August 2011) 

based on composite samples from uncovered liquid dairy manure storage, eight sampling dates for each 

pathogen type except for Clostridium perfringens which is missing value for 6 Dec. 2010. 

Numbers of Salmonella or C. perfringens showed minor or no changes for the same period. 

Calculated rate of decline for E. coli and Salmonella among sampling dates was within 12.5–

21.6 d for one log reduction reported by Goss et al. (2013), for September 2010 sampling when 

manure was relatively warm. Decline rates were higher during the remainder of the study and 

overall survival rates during storage exceeded those reviewed by Manyi-Loh et al. (2016). 

Nicholson et al. (2005) found E. coli O157, Salmonella, and Campylobacter survived up to 3 mo 
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in slurry storage compared with 11 mo storage in this study. A range of factors may affect 

pathogen inactivation rates in manure including temperature, pH, water content, nutrient 

availability, organic content, biological interactions, time, and organism density in manures 

(Manyi-Loh et al. 2016). In this study, low overwinter temperatures and slow warming of manure 

in 2011 may have been important factors for high observed survival of pathogens as suggested 

by Plachá et al. (2001).  

Additional to observed survival rates during storage, manure pathogens can survive up to 1 yr in 

soil and on plants (Gerba and Smith 2005). Incidentally, animal manures have been identified 

as a leading cause of pathogen contamination of streams and rivers in United States (Soupir et 

al. 2006). For example, Samarajeewa et al. (2012) found E. coli and C. perfringens in shallow 

groundwater and tile drainage water samples within 3–10 d of applying swine manure to loamy 

soil in southern Ontario. The practice of injecting manure into the soil as a mean to reduce 

greenhouse gas emissions and nutrient losses may increase survival times of pathogens after 

manure application (Hodgson et al. 2016). Consequently, the survival of pathogens during 

prolonged storage in this study may indicate a heightened risk of contamination after land 

application and before pathogen counts diminish sufficiently, especially if pathogens are 

transported from fields by drainage water.  

3.4.  Conclusions  

This is one of the few studies reporting in situ transformations in manure composition during 

storage in temperate climate. It reflects that exposure of stored manure to seasonal changes in 

temperature and precipitation had extensive impacts on solids concentration and decomposition 

rates.  

High storage losses of N from the 730 m2 uncovered manure surface, estimated to be 10% mo-

1, are known, and there seems an opportunity to improve on-farm storage design to reduce the 
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N losses. These losses of N coupled with 51%–76% drop in VS concentration at shallower 

depth with time, and 23%–65% COD seasonal fluctuations in this study reflect the importance of 

sampling time and location, as well as opportunity to better preserve the value of the manure 

resource during current liquid manure storage practices.  

High spatial and temporal variability of VFAs, sCOD, and NO3
− concentrations in this study, with 

CV up to almost 90% in regular sampling and over 120% in consistency sampling, indicates that 

grab sampling often used for research, such as emission measurements, and feedstock 

analysis may give skewed information of the actual concentration of the manure sampled. 

Conversely, nutrient and solids content showed lower variability with CV normally <25% and 

down to only a few percent, using the sampling methods applied in this study. It is likely that 

grab sampling would lead to higher variability in results for the nutrient and solids analysis while 

for liquid manure best results will come from sampling following manure agitation. These 

findings have implications for improving storage condition and manure utilization as well as 

interpretation of research related to manure, such as greenhouse gas inventories.  
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Chapter 4. Assessment of biogas production from dissolved air 

flotation waste (DAF) with liquid dairy and dry poultry manures 

using biochemical methane potential (BMP) assay 

4.1. Introduction 

Agricultural use of anaerobic digestion (AD) systems for biogas production has received 

renewed interest in recent years as a potential low net carbon emitting energy source, capable 

of recycling organic waste sustainably. Potentially, farm manures, as well as organic waste 

resulting from industrial sources including food processing and abattoirs, are usable as a 

feedstock for farm ADs. This creates opportunities for green energy production, reduced 

greenhouse gas emissions and increased nutrient and organic matter (OM) recycling of organic 

waste in agricultural production cycles. 

The main objective of an agricultural AD design is to maximize the biogas and CH4 output from 

the digester by choosing a suitable design and temperature regime for the feedstock being 

processed (Weiland 2010). Subsequently, substrate availability and their potential to generate 

CH4 are essential for operationally and economically viable AD system. Likewise, farm based 

ADs in Ontario can improve biogas output by diversifying organic waste input to the system 

(White et al. 2011). Further, the synergistic advantage of using co-substrates to enhance the AD 

output is well known (Macias-Corral et al. 2008) and testing varying mixtures of substrates leads 

to optimum mix for biogas generation, when the whole is greater than the sum of the parts 

(Ashekuzzaman and Poulsen 2011). Wide ranges of usable substrates to complement animal 

manures in AD systems exist, but availability of off-farm substrates may be limited based on 

locally available sources of suitable organic materials. 

Liquid dairy manure has proven to be an excellent base substrate for AD feedstock (Labatut et 

al. 2011; Nordell et al. 2016). Although relatively low in easily biodegradable energy due to its 

lignin content, it contains indigenous microbial flora suitable for biogas generation and nutrients 
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needed for microbial growth. Moreover dairy manure has buffering properties needed to 

maintain stable pH levels during the digestion process (Perera and Nirmalakhandan 2011; Ward 

et al. 2008) through its high alkalinity content (Li et al. 2010). Conversely, poultry manure has 

greater amounts of bioavailable OM, but a lower pH, less suitable native microbial composition 

for biogas production, and high nitrogen (N) content that may lead to inhibition of the digestion 

process due to ammonia (NH3) buildup (Abouelenien et al. 2016; Callaghan et al. 1999; Singh 

et al. 2010). Similarly, dissolved air flotation waste (DAF) is largely comprised of fat, oils, and 

grease (FOG) waste from food industry processing processes. DAF has high energy levels with 

potential for biogas generation; however, NH3 and long chain fatty acids (LFCA) created during 

anaerobic breakdown of DAF can lead to inhibition in biogas production (Creamer et al. 2010; 

Pitk et al. 2012). 

Bottle or bench top batch loaded trials are commonly run to determine optimum feedstock mix 

for biogas yield from planned substrates for a full scale AD operation. To that end, standardized 

methods are used to assess biochemical methane potential (BMP), including the method 

outlined by Owen et al. (1979), which commonly involves a 30-day trial under controlled 

mesophilic environmental condition. The main value of these trials is as a screening tool for 

biogas yield from the substrates being investigated; however, comparison between BMP assay 

studies can be problematic due to different experimental setup and variability in result reporting 

(Angelidaki et al. 2009). 

Although manure is one of the most common substrates used in AD biogas production (Nordell 

et al. 2016) and has been extensively researched, there still remain areas of research needing 

attention such as inhibitions from co-substrate uses (Usack and Angenent 2015) and effects of 

AD design and operational condition on biogas production (Nasir et al. 2012). Given the 

contrasting properties of substrates with potential for use in agriculture biodigester, an 

assessment for biogas production potential is needed. Further, a suitable mix of high yielding 
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biogas co-substrates while still supporting a stable, healthy environment for microbial activity 

needs to be determined (Menardo et al. 2011; Wang et al. 2012). No known published studies 

exist in Canada on use of DAF as an AD substrate and co-digestion of dairy and poultry 

manures with DAF has not been reported on in the literature so far. 

This study focused on evaluation of substrates intended for use as a feedstock in an on-farm 

mesophilic AD digester in Southern Ontario using a BMP assay. Varying amounts of DAF along 

with liquid dairy manure and solid poultry manure were used in co-digestion to produce biogas. 

The objective was to assess the potential of DAF waste from food processing and poultry 

manure to increase energy output from dairy manure. Apart from improving economic 

performance of a farm AD, this approach also promotes value added recycling of nutrients and 

OM in organic waste in Canadian agriculture using locally available substrates. 

4.2. Material and methods 

4.2.1. Substrate sampling and analysis 

Liquid dairy manure (LDM) was collected during pumping from a commercial dairy farm under-

barn manure storage following agitation of manure stored up to 6 weeks. Solid poultry manure 

(SPM) was sampled from an outdoor uncovered manure heap at a local commercial broiler 

chicken operation. DAF sludge, originating from food processing facilities, was collected from an 

organic waste collection and handling facility. All samples were stored in 19 L plastic pails filled 

to a level of about 15 L, closed with airtight lid, and kept at 3°C until shipped with overnight 

delivery service for analysis and BMP assay trial. 

An electrometric method (4500-H+ B, APHA et al. 2005) was used to assess pH of samples with 

a glass electrode (AccumetTM). Alkalinity was estimated by titration method adding 0.01 M 

sulfuric acid in the presence of color indicator (2320 B, APHA et al. 2005). Total solids (TS) 

were determined by drying at 103-105°C for 12 hrs. and volatile solids (VS) through ignition at 
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550°C for 12 hrs. (2540 B, 2540 E, APHA et al. 2005). Total nitrogen (TKN) analysis was based 

on the Macro-Kjeldahl method with sulfuric acid digestion, distillation and colorimetric method 

for final NH3 measurements (4500-Norg B, APHA et al. 2005). Ammoniacal nitrogen (NH4 + NH3) 

was measured with NH3 selective electrode (Orion™) using standard method (4500-NH3 D, 

APHA et al. 2005), and nitrate nitrogen (NO3) by nitrate-selective electrode (Orion™) following 

nitrate specific method (4500-NO3 D, APHA et al. 2005). Analysis of total chemical oxygen 

demand (tCOD) and soluble chemical oxygen demand (sCOD) was based on the closed reflux, 

colorimetric method using dichromate and sulfuric acid oxidation of samples followed by 

spectrophotometric analysis (5220 D, APHA et al. 2005). Pretreatment of samples for sCOD 

analysis included centrifugation at 1500 rpm and filtering with 0.45 µm filter. 

4.2.2. Biochemical Methane Production (BMP) assay design and setup 

Trial setup was based on the BMP method developed by Owen et al. (1979), with some but not 

all treatments replicated. Samples of substrates were prepared in duplicates while one sample 

of the mono-substrate feedstock and inoculum blanks were used due to resource restrictions. 

Preparations of BMP assay treatments (Table 4-1) were based on substrate compositions and a 

strategy aimed at optimizing biogas and methane output from the substrates. Substrates were 

added by weight to a total amount of 22 to 67 g per treatment, along with 75 ml of inoculum, 100 

ml of distilled water, and 3 g NaHCO3, resulting in total volume of 197 to 242 ml for each 

treatment. Treatment bottles were placed in climate controlled cabinets and biogas production 

measured regularly during the trial. Consequently, this trial attempted to yield maximum biogas 

output by varying ratios of substrates, with special focus on the effect of DAF. Further, the 

inoculum (IN) used in the study came from a well-established dairy farm AD system using 

manure and off-farm material and had been adapted to incubation condition used in this study 

and should therefore have provided a diverse microbial community able to digest the substrates 

tested (Holliger et al. 2016).  
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Table 4-1. Treatment setup for Biochemical Methane Potential (BMP) assay using liquid dairy manure 

(LDM), solid poultry manure (SPM), dissolved air flotation waste (DAF) and inoculum (IN). Total feed 

added to each treatment (g tmt-1) is a sum of as-is weight of DAF, LDM, and SPM. Mixture ratios 

(DAF:LDM:SPM) are based on contribution of each substrate (% VS) of total VS in each treatment bottle 

(g total). Also indicated are initial concentrations from all sources (substrates and inoculum) in each 

treatment bottle (mg L-1 initial), and post-assay trial pH values (post-pH) for each treatment (pre-trial pH 

values were adjusted and ranged 6.5-8.0). 

Treatments  Feed DAF:LDM:SPM VS TS VS tCOD sCOD TKN NH4
+ Post-pH 

 g tmt-1 % VS g  ---------------------------  mg L-1
 initial -------------------------  

1. 0% DAF 53.3 0:44:56 6.5 51,759 39,488 17,417 7,102 2,561 1,308 8.13 

2. 2% DAF 55.7 2:56:42 5.5 44,156 33,498 16,713 6,805 2,328 1,266 8.15 

3. 3% DAF 49.2 3:43:54 6.0 48,866 37,203 16,732 6,715 2,474 1,275 8.22 

4. 6% DAF 45.1 6:41:52 5.5 45,868 34,835 16,022 6,315 2,383 1,241 8.23 

5. 10% DAF 40.9 10:39:50 5.1 46,264 35,171 15,944 6,249 2,402 1,233 8.27 

6. 15% DAF 36.8 15:37:47 4.6 43,104 32,675 15,192 5,825 2,307 1,198 8.38 

7. LDM  66.7 0:100:0 4.1 35,354 26,552 16,570 6,879 2,060 1,251 8.15 

8. SPM  22.2 0:0:100 12.0 93,605 72,459 18,927 7,278 3,826 1,427 8.35 

9. IN  0.0 0:0:0 3.1 46,110 31,340 19,275 3,200 3,833 2,539 8.47 

TS = total solids, VS = volatile solids, tCOD = total chemical oxygen demand, sCOD = soluble chemical 

oxygen demand, TKN = total Kjeldahl nitrogen, NH4
+ = ammonium nitrogen 

Treatments 1-6 had increasing amount of DAF, from 0% to 15% of DM added, while LDM and 

SPM contents varied in those treatments and ranged from 37% to 56% and 42% to 56% of 

added VS initially, respectively. For comparison, BMP was also completed on the LDM and 
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SPM as only substrates for treatments 7 and 8. Total VS initially added to treatments ranged 

from 4.6 to 6.5 in DAF co-digestion treatments while in mono-substrate digestions VS ranged 

from 3.1 g VS for IN to 12 g VS added to SPM. In addition to substrates, 75 ml of inoculum (100 

ml for IN) and 100 ml of distilled water were added to each bottle with total volumes ranging 

from 197-242 ml. The initial pH of the treatments which ranged from 6.5 - 8.0, were buffered by 

adding 3 g of NaHCO3 resulting in similar post-digestion pH levels (Table 4-1). Assay duration 

was 62 days and biogas measurements were completed 16 times: daily for the first three days, 

daily to every third day for the next two weeks and weekly for the remainder of the assay. 

Methane content was monitored and averaged 62% of the total biogas released from treatments 

1-6 (0-15% DAF) and 60% from treatments 7-9 (LDM, SPM, IN) during the study. Biogas 

production rate (BPR) was calculated as change in biogas production (ΔBP) between 

measurement dates (ΔD) where: 

Equation 3: 

𝐵𝑃𝑅 (𝑚𝑙 𝑑−1) =
∆𝐵𝑃 (𝑚𝑙𝑑2

− 𝑚𝑙𝑑1
)

∆𝐷 (𝑑2 − 𝑑1)
 

Specific methane yield (SMY) was similarly derived using methane content of total biogas (TB) 

yield for each treatment during the 62 day assay (62% CH4, treatments 1-8) after subtracting IN 

methane production (60% CH4) and before normalizing the CH4 production (Moody et al. 2011) 

to total amount of VS initially added to each treatment (VSinitial) as: 

Equation 4: 

𝑆𝑀𝑌 (𝑚𝑙 𝐶𝐻4 ∙ 𝑔 𝑉𝑆−1) =
(𝑇𝐵𝑡𝑚𝑡1−8 (𝑚𝑙) × 0.62 − 𝐼𝑁(𝑚𝑙) × 0.60)

𝑉𝑆𝑖𝑛𝑖𝑡𝑖𝑎𝑙  (𝑔)
 

Wet mass potential (WMP) calculations scale the methane production (SMY) to the VS content 

of each treatment initially added (% VS) and thereby provide estimate of potential methane 
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production from each treatment based on VS content at the beginning of the assay (Hamilton 

2012; Moody 2010): 

Equation 5: 

𝑊𝑀𝑃 (𝑚3 𝑡−1) = 𝑆𝑀𝑌 (𝑚𝑙 𝐶𝐻4 ∙ 𝑔 𝑉𝑆−1) × % 𝑉𝑆𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ×
106𝑔 𝑡−1

106 𝑚𝑙 𝑚−3
 

 

4.3. Results and discussion 

4.3.1. Substrate properties affecting biogas potential 

Of the three substrates, the solid nature of the SPM was the reason for relatively highest 

concentrations of all parameters measured on an as-is basis, e.g. VS content in LDM was 11% 

of VS in SPM, and the TKN content of LDM was 15% of TKN in SPM (Table 4-2). The DAF 

used in the study was a semi-solid that did not have any detectable NH4 , and had lower TS and 

pH than the two manures. Overall, the estimated bioavailability of SPM is reflected in the high 

sCOD content, which was 1.4 and 2.6 - fold that of LDM and DAF, respectively. The SPM also 

has the highest NH4 content, about 2.5-fold higher than in the LDM. The TS and VS:TS content 

of the DAF used in this study (22% and 0.86) are comparable to findings of Pitk et al. (2012), 

(17.2% and 0.85).  
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Table 4-2. As-is properties and parameter ratios of substrates used in BMP assay using dissolved air 

flotation waste (DAF), liquid dairy manure (LDM), solid poultry manure (SPM) and inoculum (IN). 

Likewise, the composition of the LDM and SPM used as substrates in this study, are 

comparable to category averages found for Ontario dairy and poultry manure. Average total N 

content is 0.36% and 2.66% for liquid dairy manure (6%-8% DM) and solid poultry manure 

(60%-70% DM) respectively, and total NH4 of 1,691 ppm and 5,123 ppm NH4 respectively 

(Brown 2013). Accordingly, the results from this BMP study may give indications applicable to 

management of Ontario farm ADs using dairy and poultry manure as feedstocks. 

4.3.2. Biogas production and substrate degradation during BMP trial 

By day 33, which is similar to common substrate retention times in agricultural ADs, of the 62-

day trial substrate mixes with 0-10% DAF had reached 77%-85%, of total accumulated biogas 

production while the 15% DAF treatment was at 69% of final biogas production (Fig. 4-1). 

Substrates pH Alkalinity TS VS tCOD sCOD TKN NH4
+ VS:TS sCOD:tCOD sCOD:VS 

  (g CaCO3 L
-1) --------------------------  g L-1 (g kg-1)  -------------------------- ------------Parameter ratios------------ 

DAF 5.5 10.1 (172.0) (147.0) 60.1 38.0 6.0 n/a 0.85 0.63 0.26 

LDM 7.2 12.9 76.1 60.8 38.3 21.3 3.2 1.7 0.80 0.56 0.35 

SPM 7.7 31.1 (681.0) (542.0) (103.8) (54.3) 21.2 (4.1) 0.80 0.52 0.10 

IN 7.9 19.0 46.1 31.3 19.3 3.2 3.8 2.5 0.68 0.17 0.10 

TS = total solids, VS = volatile solids, tCOD = total chemical oxygen demand, sCOD = soluble chemical 

oxygen demand, TKN = total Kjeldahl nitrogen, NH4
+ = ammonium nitrogen 



 

77 
 

 

Fig. 4-1. Accumulated biogas production response curves during 62-day BMP assay with increasing 

loads of dissolved air flotation waste (DAF), with liquid dairy manure (LDM), solid poultry manure (SPM) 

and inoculum (IN). Error bars for treatments 0% DAF to 15% DAF indicate standard error of the sample 

mean for each measurement day. Absolute volumes of biogas are not comparable, as volumes have not 

been normalized to variable total VS loads between treatments. 

At the same time, SPM was at 52% of final accumulated biogas production and the LDM was at 

86%. The lagging SPM implies that the high VS and TKN concentrations (Table 4-1) may have 

led to inhibition due to rapid acidogenesis of the easily degradable OM resulting in NH3 

accumulation (Singh et al. 2010). Indeed approximately 60 - 70% of nitrogen in poultry manure 

is known to be in the easily mineralized forms of uric acid and urea (Nahm 2003), able to cause 

NH3 inhibition. Final NH3 concentrations in this study are unknown as only initial ammonia 
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concentrations were assessed. Additionally, the high apparent total biogas production from SPM 

is due to the relatively high amount of 12 g VS added initially to that treatment, which is more 

than twice the average for all treatments (Table 4-1). Finally, the Inoculum biogas production 

(IN) was low and steady demonstrating healthy inoculum but limited due to low VS and sCOD 

content. 

Supporting the suggestion that inhibition in the SPM material arose from NH3 levels is the fact 

that the 15% DAF treatment, with 47% SPM and 37% LDM of total VS, demonstrated fluctuating 

biogas production throughout the trial similar to the SPM treatment (Fig. 4-1) and slower 

production is visible after day 14. Dairy manure is known for its capacity to buffer fluctuations 

(Perera and Nirmalakhandan 2011) in the digester anaerobic environment, such as pH, and 

would normally lessen possible reduction in biogas production arising from the SPM 

composition. With its elevated DAF content, along with SPM, there is an increase in biogas 

production from the 15% DAF treatment during latter part of the assay trial (Fig. 4-1). This may 

suggest acclimation of microbial population and possibly need for a longer trial duration to see 

the full potential of the 15% DAF treatment and SPM, as biogas production seems to accelerate 

around day 25 of the trial. Pitk et al. (2012) and Creamer et al. (2010), also noticed reduced 

biogas production with increasing concentration of DAF in batch trials. This likely was due to 

high levels of long chain fatty acids (LCFA) or NH3 from nitrogen mineralization, both known 

inhibitors to CH4 production (Callaghan et al. 1999). Additionally, the 15% DAF treatment also 

had the lowest content of LDM of all the treatments (37%) that may have weakened its buffering 

capacity as acidifying products accumulated, especially in early stages of the trial before 

microbial acclimation had occurred. Therefore the combined effect of increasing amount of DAF 

between treatments 10% DAF and 15% DAF by 50% (from 10% to 15%), and decreasing 

quantity of LDM by 5% (39% to 37%) may have exceeded a threshold capacity of the digesting 

ecosystem to maintain balance in the 15% DAF treatment. The relatively high post-trial pH of all 
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treatments averaging 8.3 and ranging from 8.13 to 8.38 (Table 4-1), at the assay standard 35°C 

temperatures, indicate that 15%-20% of total NH4+NH3 may potentially have been on NH3 form 

(Emerson et al. 1975). The theoretical relationship of pH, temperature and NH3 is further 

complicated in manure as solids content is shown to affect dissociation constants (Vaddella et 

al. 2011). Consequently, it is possible that intermittent changes in pH during assay did cause a 

decrease in methanogenic activity. 

The patterns of daily biogas production rate for each treatment largely supports earlier 

observations about likely inhibitions. Without inhibition, the biogas production rate would 

expectedly fall steadily with time. Generally, in this study, the biogas production rate fell during 

the first 25-30 days and levels off for the latter half of the assay, with the exception of treatments 

with higher levels of SPM and DAF (Fig. 4-2). 

 This is markedly clear for 15% DAF and SPM treatments, supporting earlier assertion of 

intermittent inhibition possibly overcome by acclimation of microbial populations and subsequent 

increased biogas production rate. Comparatively the SPM treatment had a good start, 

generating up to more than 400 ml CH4 day-1 but biogas production slowed down to a slightly 

lower level compared to the other treatments after day 2-3; however, it once again exceeded the 

other treatments starting at about day 30 of trial. Furthermore, the initial success of treatments 

0%, 2%, and 3% DAF, (Fig. 4-2), was in the long run exceeded by treatments 10% and 15% 

DAF with the added DAF to the mixture and lower amount of manures. Thus, although not 

outstanding compared to other treatments, the 10% treatment in particular and the 15% DAF 

treatment to a lesser extent, maintained steady daily biogas production rate throughout the trial. 
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Fig. 4-2. Daily biogas production rates between measurement dates during 62 day BMP assay with 

increasing levels of dissolved air flotation waste (DAF) and varying levels of liquid dairy manure (LDM), 

solid poultry manure (SPM) and inoculum (IN). Absolute volumes of biogas are not comparable, as 

volumes have not been normalized to variable VS contents in bottles. 

If these results were scaled up to a farm AD system with a 25-30 day retention time, a mix with 

high levels of SPM and DAF may cause operational problems and drop in biogas production. 

There is also risk of post-digestion storage losses from digestate as 20%-50% of total biogas 

production took place after day 30 in the BMP assay. Consequently, this represents unused 

biogas potential resulting from high levels of DAF and SPM in co-digestion with LDM. Ultimately, 

storage losses will partly depend on storage condition, such as temperature, but the potential for 

leakage or losses may be substantial. The slow biogas production from high levels of SPM and 
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DAF would further require longer digestion times and thereby reduce the economic output of a 

digestion system. 

Overall, the specific Methane Yield (SMY) ranged from maximum of 398 ml CH4·g VS-1 from the 

10% DAF to a minimum of 236 ml CH4·g VS-1 from the SPM (Fig. 4-3) during this trial. The slight 

drop in SMY from 15% DAF compared to 10% DAF (from 398 to 382 ml CH4·g VS-1) may 

indicate starting inhibition from the DAF or SPM material content, as suggested previously. The 

15% DAF treatment had 50% higher DAF content (15% vs. 10%) and 5% lower LDM content 

(37% vs. 39%) compared to the 10% DAF treatment. Correspondingly, the lowest SMY of 236 

ml CH4 g VS-1 from SPM points to the inhibitions or toxicity as indicated in accumulated biogas 

production and patterns of biogas production rate. Although Wet Mass Potential (WMP) is 

highest for SPM, due to its high solids content, the unstable production patterns observed 

during the assay trial may make this treatment unreliable, especially under field condition where 

long term stability is important. On balance, it is likely that 10% DAF treatment with 40% LDM, 

50% SPM, and around 10% DAF would be most successful in an on-farm digester environment. 
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Fig. 4-3. Specific methane yield (SMY, left Y-axis) and wet mass methane potential (WMP, right Y-axis) of 

co-substrate mixes and primary substrates in BMP assay trial using dissolved air flotation waste (DAF), 

liquid dairy manure (LDM) and solid poultry manure (SPM) 

The observed conversion rates of VS from the six co-substrate treatments (0% DAF to 15% 

DAF) ranged from 56% to 58% of the original VS levels (Fig. 4-4) while 57% to 69% of the 

original sCOD quantities was consumed during the trial. Specifically, the highest sCOD 

consumption of substrate mixtures was in 6% DAF treatment (69%) but greatest VS conversion 

was in 10% DAF treatment (57.5%), where SMY was also highest. 
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Fig.4-4. Percent conversion of VS, TS and sCOD during the 62-day biochemical methane potential trial 

period of dissolved air flotation waste (DAF), liquid dairy manure (LDM) and solid poultry manure (SPM) 

substrates 

The SMY for LDM was 308 ml CH4 g VS-1, which is comparable to Labatut et al. (2011) 

reporting an average of 243±63 ml CH4 g VS-1 from 46 BMP assays of 30-day duration, 

representing 6 farms sampled throughout a year period. Likewise Moody et al. (2011) found 

240±50 ml CH4 g VS-1 and 264±15 ml CH4 g VS-1 from two different dairy manures after 30-40 

day BMP assay. In essence, the slightly higher SMY from LDM in this study can partly be 

explained by the comparatively longer 62-day BMP duration. Furthermore, differences in animal 

feeding regime or storage condition and duration of manure feedstock may lead to differences 

compared to other study results. 
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4.3.3. Implications for effects of farm manures and off-farm co-substrates on 

farm-based biogas production 

The results of this study demonstrated that the use of 10% DAF and 50% SPM as co-substrates 

with LDM enhanced SMY by 30% and 69% compared to LDM, and SPM, respectively. The key 

to this effect is likely the synergistic effects of LDM as without it (e.g. the SPM mono-substrate 

digestion) the methane generation was markedly lower. Similarly, the highest amounts of DAF 

(i.e. 15% DAF treatment) along with decreased LDM content also decreased methane output. 

Generally, co-substrate selection for farm AD system using LDM as the base substrate must 

supplement its relatively low VS and take advantage of LDM positive properties. To that end, Li 

et al. (2010) used dairy manure and food waste to show up to 5.5 times higher biogas 

production rate with co-digestion of both substrates compared to manure alone. Additionally, 

observed good digester stability was attributed to dairy manure’s high buffering capacity and 

alkalinity content. These positive synergistic effects of dairy manure co-digestion have been 

demonstrated in combination with recalcitrant co-substrate such as cotton gin waste (CGW) 

(Macias-Corral et al. 2008). In that case, native cellulose degrading bacteria in the dairy manure 

decomposed the CGW to generate about twice as much biogas as the manure did alone. 

Similarly, Neves et al. (2009) found over 3-fold improvement in total CH4 production by adding 

fat as co-substrate to dairy manure and food waste feedstock mixture. However, the synergy 

effect was limited to a threshold quantity of added fat, as well as inhibition at upper levels of fat, 

due to drop in pH with increased COD and VFAs. Indeed, there was a relatively narrow range of 

effective quantity of 12-18 g COD from the added fat per L of reactor space that resulted in 

increased biogas production. This may potentially be reason for the 4% decline in SMY in the 

15% DAF treatment compared to 10% DAF (382 vs. 398 ml CH4 g VS-1). The 50% increase in 

DAF content (from 10% to 15%) which has 60% higher COD content than SPM may have 

caused overload of fat that caused inhibited biogas production. A detrimental lag in biogas 
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production in this study was not noticeable but treatments with higher amounts of DAF and SPM 

(e.g. 15% DAF and SPM) did show increase in gas production rate after about 5 weeks of 

digestion. Thus, this late increase in biogas production may relate to inhibition and subsequent 

acclimation of the inoculum bacteria fauna to the DAF and SPM co-substrates used in this 

study. In similar fashion Callaghan et al. (1999) found both 7.5% and 15% VS of poultry manure 

in co-digestion to yield more CH4 than dairy manure alone, although both poultry treatments 

exhibited an increased lag period with higher poultry manure content, up to 9 weeks. The 

probable cause for the lag in biogas production was increased free NH3 from breakdown of the 

poultry manure OM. However, after microbial acclimation to the higher NH3 levels, biogas 

production from co-digestion rose to exceed the dairy manure only treatment production. This 

indicates microbial adaptation to inhibition levels of NH3, reported to be 80-140 mg L-1.The 

values of total NH4 in this study, ranging 1,198 to 2,539 mg L-1 among treatments, and post-

assay pH values ranging 8.13 to 8.47 (Table 4-1) indicate, using NH3 equilibrium calculations, 

that these reported inhibition levels of NH3 may have been exceeded during the study. Creamer 

et al. (2010) also found increasing CH4 generation using dissolved air flotation waste (DAF) with 

dairy manure in a co-digestion trial assay. In that case, results were attributed to the DAF 

having a high chemical oxygen demand (COD) and fats, oils and grease (FOG) content. 

Nevertheless, both lag and lowered specific methanogen activity (SMA) were identified with 

increasing DAF to manure ratio. In this study, COD levels decreased with increasing DAF load 

(Table 4-1) but the FOG material was easily biodegradable and could contribute to increasing 

biogas output despite lower initial load. In contrast to poultry manure, DAF waste has much 

lower TKN content and would, in case of an inhibition event, make long chain fatty acids (LCFA) 

more likely inhibition vector although NH3 may be restrictive at higher DAF levels. Conversely, 

Pitk et al. (2012) did a BMP assay on DAF and observed no lag and 90% of the total CH4 yield 

in the first 10 days, although continuous mono-substrate digestion of DAF was not 

recommended due to long-term accumulated NH3 and LCFA inhibition risk. 
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The origin and treatment of the manures used in this study may have affected study results as 

the LDM had added milk waste wash water and straw and the SPM likewise had wood shavings 

added as bedding during manure management. For example, Møller et al. (2004) estimated that 

adding 1% straw to manure (vol/vol) increases biogas production by 10% compared to manure 

without straw. Similarly, Wu et al. (2011) observed 6% and 16% increase in dairy manure 

biogas production by adding 1% and 3% milk (vol/vol) to the manure, respectively, without any 

negative effects. In comparison, Ahn et al. (2010) showed about 10% VS reduction from dairy 

manure with switchgrass as co-substrate while poultry manure and switchgrass co-digestion 

removed about 20% of the VS. Resulting biogas generation was about twice as great from 

poultry manure as from the dairy manure treatment. Given these points, added wood shavings, 

straw, and dairy waste may positively alter the properties of manure as a feedstock for 

anaerobic digestion. As specific quantities of added straw and washwater are unknown for this 

study, an accurate estimate of these effects on biogas production could not be made. 

4.3.4. BMP Study limitations and data quality 

Undeniably, the use of two treatment replications instead of three, and the fact that manure 

mono-substrate treatments were not replicated, may limit the weight of this study, as variability 

in results was not directly estimated. Admittedly, these shortcomings decrease the reliability of 

results and undermine the validity of conclusions drawn from the data. Further, as the inoculum 

blank biogas production in BMP assays (here IN treatment) is subtracted from all treatments 

and therefore serves as a baseline for response of treatments, the lack of IN treatment 

replication affects the accuracy and data quality of all trial results. Typically, the number of 

sample replicates used in a BMP assay attempt to strike balance between accuracy and 

resource use. For example the Owen et al. (1979) method used in this study recommends 2 

replicates, while Angelidaki et al. (2009) suggest at least 3 replicates. However the literature on 

BMP assays varies where 2 replicates are common (Bertin et al. 2008; El-Mashad and Zhang 
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2010; Eskicioglu et al. 2009; Neves et al. 2008; Neves et al. 2004; Zhang et al. 2007). Still, the 

use of 3 replicates adds rigor to results as done by e.g. Angelidaki et al. (2009), Hansen et al. 

(2004), and Steed Jr and Hashimoto (1994). Holliger et al. (2016) define the use of at least 

triplicate sample use to be one of the compulsory elements for validation of BMP results. 

Generally, differences in BMP results between laboratories, apart from substrate properties, 

may be explained by BMP equipment used, operating condition, methods of substrate analysis, 

and type and amount of inoculum and nutrient mediums used during assay (Jensen et al. 2011). 

Overall the primary value of the BMP assay is to screen substrates for relative biogas 

production performance (Labatut et al. 2011). Therefore BMP results are difficult to transfer to 

full scale AD biogas production due to the nature of batch loading and impacts from scale of 

size on the microbial environment in small vessels vs. operational AD structures (Bishop and 

Shumway 2009; Moody et al. 1996; Sell et al. 2011). Subsequently it is recommended that the 

next step would be to compare the most promising mixes from this BMP assay in continuously 

loaded bench-scale digesters before designing and building a full-scale operational digester 

(Ashekuzzaman and Poulsen 2011; Callaghan et al. 1999). Bench-scale digesters allow for 

continuous sampling and monitoring, for example of pH and NH3, which would provide insights 

into the dynamics of the digestate environment. Lastly, to fully assess the relative performance 

of substrate and to gauge reasons for failing biogas production, it is recommended that BMP 

assay to be followed by anaerobic toxicity assay test or specific methanogen activity test 

(Creamer et al. 2010; Moody et al. 2011; Owen et al. 1979). Neither of those tests was used in 

this study, but would probably have added substantial value to the results of the biogas assay 

and provided insights into substrate dynamics during the study. 

4.4. Conclusions 

In this first known Canadian study on biogas potential of liquid dairy manure with poultry manure 

and dissolved air flotation waste, and with only a few studies published internationally, a clear 
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increase in methane production, up to 30%, resulted from co-digestion compared to manure 

alone. This study results underlined main strengths and weakness of dairy manure as a 

substrate: excellent properties as a base substrate for stable operation and biogas generation 

but relatively low biogas generation capacity.  

Observed reduction in biogas production at higher levels of DAF and SPM was probably due to 

inhibition by free NH4 or NH3 from the SPM substrate or long chain fatty acid contents from the 

DAF substrate. A drop in biogas production rate for SPM treatment and at higher levels of DAF 

additions early on in the trial assay and subsequent increases in biogas output after about 30 

days may indicate need for longer incubation time to allow for acclimation of the microbial 

population. Additionally, the fact that about 20% of biogas yield took place after the first 33 days 

of 62 day digestion time, may have implications for storage of agricultural AD digestate before 

land spreading, as residual biogas potential may increase gas emissions from digestate during 

post-digestion storage. 

To assess fully reasons for observed anomalies in biogas production, anaerobic toxicity assay 

test, or specific methanogen activity test are helpful. Those were not applied in this study, due to 

resource restraints. In the same manner, further research should attempt to explain limiting 

effect of higher doses of poultry manure and dissolved air flotation waste used with dairy 

manure in anaerobic digestion. Henceforth it would be recommended that promising feedstock 

mixes would be tested in a continuously loaded bench scale AD digester prior to use in full-

scale farm digester. 

In summary the findings of this study represent opportunity to improve the economics of farm 

based ADs by using locally available low grade organic waste with little value to speak of, as 

feedstock that also can be recycled as fertilizer post digestion. 
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Chapter 5. Discussion and Conclusions 

The overall goal of this research was to address existing research gaps related to better 

estimates of manure emissions and improved understanding of manure utilization both as an 

organic fertilizer and as an energy source. This study is the first to use a multi-pronged 

approach to understand the underlying dynamics of methane emissions by combining 

micrometeorological flux measurements, air and manure temperatures, and sampling of stored 

manure solids content over an extended period. Specifically, this approach addressed gaps in 

knowledge of long-term and seasonal methane emissions from liquid stored manure through in 

situ measurements (VanderZaag et al. 2011), so as to improve estimates of greenhouse gas 

emissions from manure management (Owen and Silver 2015). Furthermore, this study 

addressed the need for better characterization of manure properties to improve emission 

estimates (Karimi-Zindashty et al. 2012) and advance estimates of agronomic value of manure 

(Pagliari and Laboski 2012), and to provide a deeper understanding of pathogen survival in 

stored manure (Goss et al. 2013). Finally, this study provided improved information on manure 

biogas production potential and limitations (Labatut et al. 2011). Major implications of this study 

are outlined below with discussion on limitations and opportunities associated with the thesis 

research. 

5.1. Improved understanding of methane emissions; drivers and limitations 

Currently, IPCC estimates from manure in temperate climates depend on volatile solids 

production estimates and average regional air temperatures (Environment Canada 2017; IPCC 

2006), without understanding seasonal relationships that are so important in temperate climates 

that cycle between very cold temperatures and manure freezing in the winter, and extremely 

high temperatures. This 17-month long study did provide the long-term data necessary to 

evaluate current emission estimates, and additionally gives valuable information on the ecology 
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and dynamics of stored liquid dairy manure. Specifically, the high month-to-month variability of 

IPCC emission estimates ranging from -357% to 88% of measured values in this study may 

indicate that the modelled values do not represent the dynamics of the tank environment 

effectively. Likewise, the seemingly close agreement between the two values when considering 

a whole year measurements from September 2010 and August 2011 is the consequence of 

contrasting manure depths, storage time and manure temperatures. For example, during spring 

and summer of 2011 manure depth was over 3 m compared to minimum of 1.2 m in the fall of 

2010. Similarly, manure was added in late July 2010 while the last addition was in January and 

February 2011 resulting in much longer storage times in 2011. Finally, the greater depth in 2011 

reduced the temperature deeper in the manure by up to 10°C compared to 2010. All of these 

varying factors, which represent possible on-farm condition, reflect the complexity of on-farm 

manure management that static modeling will likely not capture accurately. For example, if 

management of the manure in 2011 had been similar to 2010 the measured values would likely 

have been much different for 2011 and likely not resulted in the low annual difference to 

modelled values in this study. 

The manure temperature measurements and statistical analysis of emission data and 

environmental parameters showed that there was an “active” zone of methane production at an 

intermediate depth that drove the fluxes. In contrast, emission measurements and modelling 

often assume homogenous generation of methane throughout the stored manure volume 

(Karimi-Zindashty et al. 2012). In fact, homogeneity of methane generation in the volatile solids 

is a central assumption in IPCC emission estimates (IPCC 2006). However, a comparison of 

regional averages of the best available emission information and IPCC protocol estimates 

suggest that actual methane emissions from manure management are 40% to 300% higher 

(Owen and Silver 2015) than IPCC based modelling estimates. The discrepancy between 

measured and estimated emissions in the literature was suggested as being due to lack of 
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comprehensive field data sets such as missing or incorrectly estimated volatile solids contents, 

manure temperatures and storage condition and duration (Owen and Silver 2015). 

Comprehensive long-term data is therefore the missing key to improve on understanding of 

underlying processes and interactions that make current emission estimates lack accuracy. The 

research methodology and findings from this study provide an important step towards improved 

understanding, and ultimately better estimates of methane emissions from stored liquid manure.  

5.2. Nutrient losses and pathogen survival; new opportunities and possible risks 

This study may be the first to demonstrate that improved sampling methods have implications 

for better estimates of manure emissions and biogas generation potential, of which both rely on 

accurate manure composition analysis for emission and energy potential estimates. In addition 

to the analysis of solids, there was parallel monitoring of 24 physiochemical manure parameters 

sampled at various manure depths and across the manure storage tank. High storage nitrogen 

losses in this study are similar to those found in other studies (Hou et al. 2017; Oenema et al. 

2007; Welty et al. 1986). However, for other manure parameters, variability between sampling 

locations and sampling times were as high as 120% for volatile fatty acid measurements and as 

low as 4% for plant nutrients. This indicates the need for careful sampling strategy of liquid dairy 

manure, especially for feedstock and research purposes.  

A very interesting finding was the substantial pathogen survival over the monitoring period. The 

long pathogen survival times exceeded that found in other studies, often based on laboratory 

studies (e.g. Manyi-Loh et al. 2016). Additionally, high pathogen survival in stored manure may 

suggest that manure application, under certain conditions, may present higher risk from 

pathogens than currently is assumed. This suggests that on-farm sampling for monitoring 

pathogen content may be preferred over laboratory studies to get an accurate estimate of 

pathogen survival in manure storages.  
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5.3. Contributions to advances in on-farm biogas production 

This is the first Canadian study to evaluate dissolved air flotation waste (DAF) as co-substrate 

with dairy manure and poultry manure for biogas production. Other studies have mostly 

focussed on high quality organic waste such as cooking oils, while this study evaluated marginal 

organic waste (i.e. the DAF) to show up to 30% increase in methane potential by over dairy 

manure alone, thereby improving biogas production. Manure use for biogas production is one of 

the most promising management options for animal manures, and compared to conventional 

manure storage, could reduce greenhouse gas emissions by 50-90% (Oehmichen and Thrän 

2017; Wang et al. 2017; Zhang et al. 2013). Other co-benefits include recycling of organic waste 

such as DAF that is often landfilled (MOECC 2017), potential reductions in pathogens and odor 

(Holm-Nielsen et al. 2009; Manyi-Loh et al. 2016), decreased nitrogen volatilization losses, 

doubling of nitrogen bioavailability, and improved phosphorus uptake by plants (Macias-Corral 

et al. 2017; Thomas et al. 2017). 

5.4. Challenges and limitations 

This research required a liquid manure storage that was available but the site used was sited 

near cow barns that created challenges with emission monitoring as methane production from 

the barn interfered with flux measurements, particularly if wind direction was from the barn. 

Winter weather caused manure surface to freeze over, effectively making manure sampling 

impossible for about 5 months and limiting methane emissions from the manure. 

The detailed and long-term measurements at one farm are both a strength and limitation of this 

research. Although the study was conducted at a typical Southern Ontario dairy farm, more 

studies at the same farm and at similar farms should obtain a broader representation of farming 

condition. This includes weather variability, feed composition, and different manure 

management systems to provide an understanding of the generalizability of these results. 
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Nevertheless, this study was an accomplishment it its comprehensive scale and long duration 

that raises the bar for future on-farm manure research. 

Although the biochemical methane potential study lacked replications, it is an established 

method for further understanding the potential for on-farm biogas production potential and 

provided some groundwork for further research into organic waste utilization. Future studies 

should further include additional assays to determine the extent and source of inhibition during 

the BMP assay, such as anaerobic toxicity and specific methanogen activity tests (Owen et al. 

1979). Despite its drawbacks, this study provided an important first estimate of co-digestion 

potential in on-farm anaerobic digesters to improve efficiency and economics of biogas 

production. 

5.5. Research implications and future research directions 

An important goal of future manure research is a consistent correlation between measured and 

estimated emissions across weather condition, farm types, and manure management options. 

This remains one of the challenges manure research faces. Findings from the methane flux 

measurements, along with weather monitoring and manure sampling give indications that broad 

parameter collection could give valuable information on the drivers behind methane emissions 

from stored liquid manure. Building on this research approach, future studies should use a 

broader number of farms with diverse conditions and coupled with controlled laboratory analysis 

and assays should focus on understanding interactions of variables during field monitoring. 

Another important finding in this study indicates that methane production depends on balance 

between manure temperatures, available substrate (solids) and active microbial population. This 

balance may shift throughout the annual temperature cycle under Canadian condition and 

necessitate more dynamic modelling of methane emissions over current static functions used by 

IPCC.  
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Closely connected to research into manure emission potential is improved knowledge of manure 

composition and its changes, as affected by storage condition and duration. The variability of 

manure content by sampling timing and location in this study indicates important future research 

need to improve and standardize sampling methods. Improved accuracy of manure content 

evaluations has implications for nutrient management in crop production. It can simultaneously 

minimize manufactured fertilizer use and environmental footprint of agriculture through reduced 

leaching and volatilization of nutrients and greenhouse gases. 

The economic operation of an on-farm biogas production from liquid dairy manure partly 

depends on availability of co-substrates. There are still opportunities to identify and evaluate 

substrates suitable for on-farm anaerobic digesters to increase both biogas output and recycling 

of organic waste, otherwise often slated for landfill. However, it remains a challenge for the 

biogas research to maintain method standardization and rigour in biogas estimation methods to 

ensure meaningful and comparable results across studies (Holliger et al. 2016). Further, 

although the fertilizer value of the digestate from anaerobic digester biogas plants has been 

shown to be a good source of nutrients, there is still more research needed on its fertilizer value 

(Moeller and Mueller 2012). Finally, collecting data on types, characteristics, and biogas 

potential of regionally available organic waste would provide valuable information for anaerobic 

digester designers and the farmer planning a biogas plant construction. 

5.6. Broader context of thesis research 

Continuous research efforts on manure utilization are spurred by the high and increasing 

quantities of manure generated from livestock farming (AAFC 2016), while demands for 

environmental management in agriculture become increasingly stringent (e.g. Goverment of 

Ontario 2002). Further, governmental policy in Ontario through the Green Energy Act supports 

biogas production from manure (Government of Ontario 2009), and the Waste-Free Ontario Act 

creates opportunity for farms to recycle organic waste for biogas production (Goverment of 
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Ontario 2016). Additionally, decreasing water quality in the Great lakes is likely partly due to 

nutrient runoff from manure application (Scavia et al. 2014). In this context, the research in this 

thesis on greenhouse gas emissions from manure, its nutrient and pathogen content and forms, 

and effects of manure storage and handling, are directly applicable to improvements in 

environmental management of Ontario livestock production. Similarly, the assessment for use of 

liquid dairy manure for green energy (biogas) production will add to the knowledge on economic 

biogas production and organic waste reduction, also supporting lower environmental impact of 

livestock agriculture.  

Further, other international developments may affect future research needs and environmental 

policy making in Canada. Globally, livestock farming has been increasingly criticized for high 

environmental load of production practices (FAO 2006). Contribution of livestock to global 

greenhouse gas emissions has been estimated to be as high as 18% (Herrero et al. 2016; IPCC 

2014), and the pressure to include agriculture in transnational efforts to reduce greenhouse gas 

emissions has increased with the recent Paris Agreement (Tubiello et al. 2015). Nevertheless, it 

remains a global research challenge to simultaneously address climate change and mitigation in 

agriculture while securely feed growing population (Porter et al. 2017). Effective management of 

manure, based on best available scientific research, is therefore an underlying and necessary 

part of an efficient and healthy agricultural production system. 
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