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ABSTRACT Since 1999 in Québec, solid manure systems in layer facilities have increased from 8 
to 63% whereas slurry manure management has dropped from 92 to 36%. The “Fédération des 
producteurs d’œufs de consommation du Québec” (FPOCQ) has been thus wondering about the 
environmental impacts of such a transition, especially the greenhouse gas (GHG) production. The 
aim of the present study was to measure and compare the in-barn effect of manure management 
system (slurry, solid, or dried) on carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) 
emissions. During two eight-week trials, three hundred sixty (360) laying hens were divided into 
twelve completely independent bench-scale rooms. The results showed that the solid and dried 
techniques decrease significantly (P<0.05) CO2 (28,167 and 28,723 g yr-1 hen-1, respectively) and 
CH4 emissions (25.31 and 27.73 g yr-1 hen-1, respectively) with regard to the slurry management 
(36,033 g CO2 yr-1 hen-1 and 31.64 g CH4 yr-1 hen-1). Only numerical differences (P>0.05) between 
the slurry (2.78 g yr-1 hen-1), solid (2.60 g yr-1 hen-1), and dried (2.48 g yr-1 hen-1) managements 
were revealed concerning N2O emissions. No significant difference was found between the solid 
and dried systems for any gas emissions. Globally, these attenuations would represent a 12-
percent reduction in GHG emissions by the solid and dried techniques. Considering the measured 
emission factors, it corresponded to a decrease of 102 g CO2-eq. yr-1 hen-1 in 2009 comparatively to 
1999, what resulted in 370 tons less emitted to the atmosphere by the Québec’s egg facilities.  
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INTRODUCTION The world environmental context is dominated by the issue of climate change, 
especially by the greenhouse gas (GHG) emissions increase and the overtaking of the Earth 
capacity to absorb these gases (UNDP, 2007). The raise of GHG concentrations in the atmosphere 
has become a major environmental stake as revealed in the Kyoto protocol (AAFC, 2000). Besides 
contributing to the phenomenon of global warming by absorbing infrared radiation, carbon dioxide 
(CO2), methane (CH4), and nitrous oxide (N2O) has been declared the most harmful gases for 
health and ecosystems, apart ammonia (NH3) and hydrogen sulphide (H2S) (Pain, 1998; Copeland, 
2009). Direct GHG emissions from agriculture represent between 10 and 12% of world total 
emissions. However, by including all agriculture-related emission sources, which contain fertilizer 
production and land operations, the contribution of agriculture could reach between 17 and 32% of 
world total GHG emissions (Bellarby et al., 2008). Livestock production could be responsible for 
approximately 9% of the GHG emitted on the planet (Steinfield et al., 2006). 

Besides, agriculture accounted, in 2008, for 8.5% of all Canada’s GHG emissions (734 Mt of CO2 
equivalent; Environment Canada, 2010), not including the use of fossil fuels or the indirect GHG 
emissions from fertilizer production (AAFC, 2000). This production represents an increase of 28.8% 
in comparison with 1990 (Environment Canada, 2010). Moreover, it was estimated that 42% of the 
Canadian agricultural GHG emissions originate from livestock operations where one third is 
associated with manure management (AAFC, 2000). Consequently, the Canadian livestock 
production accounts for 6.3% of the country’s total GHG emissions or 0.13% of the global 
anthropogenic GHG emissions (Laguë, 2003). In Quebec, 9.4% of GHG emissions were due to 
agriculture in 2000 (CAAAQ, 2008).  

Since 14% of Canadian agricultural GHG are related to manure management, the Québec’s egg 
production’s shift happened during the last decade from slurry to solid manure managements has 
become of great concern in terms of environmental impact on GHG emissions. In fact, after 
reaching more than 90% in 1999, slurry manure management systems has dropped to 36% 
nowadays in layer facilities, while solid manure management systems has increased from 8% to 
63% during the same period (FPOCQ, 2010). Therefore, the general aim of the present study was 
to measure and compare GHG emissions from three different manure management systems for 
laying hens: slurry, solid, and dried.  

LITERATURE REVIEW Greenhouse gas emissions from agriculture are primarily attributed to 
CH4 and N2O as CO2 counts only for less than 1%, whereas it is the main component of 
anthropogenic GHG emissions in other industrial sectors (CAAAQ, 2008; Koneswaran and 
Nierenberg, 2008). Actually, the main source of CO2 emissions is the use of fossil fuels, which is 
very limited in agriculture to land operations or heating systems. At building level, the majority of 
agricultural CO2 emissions are generated from animal breathing (96%; Marquis, 2002) and the 
balance comes from microbial decomposition of organic matter in animal’s digestive tract under 
either aerobic or anaerobic conditions (Marquis, 2002; Laguë, 2003; Steinfield et al., 2006). 

On the other hand, agricultural activities produce respectively 30 and 50% of Canadian CH4 and 
N2O emissions, which have a greater impact on greenhouse effect (CAAAQ, 2008). In fact, CH4 
and N2O have respectively a global warming potential over 100 years of 21 and 310 times higher 
than CO2, based on their ability to contribute to climate change (Guinée et al., 2001; Environment 
Canada, 2010).  
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CH4 originates from anaerobic decomposition of organic compounds during the enteric 
fermentation, a digestive process that occurs mainly in ruminants, or during the degradation of 
manure (Chadwick et al., 1998; Laguë, 2003; Steinfield et al., 2006; Fabbri et al., 2007). The first 
way represents about two thirds of all CH4 emissions due to breeding activities (Moss et al., 2000). 
For laying hens, CH4 emissions from enteric fermentation are expected to be negligible and 
emissions from manure management are connected with anaerobic conditions in stored manure 
(Fabbri et al., 2007). N2O also comes from the decomposition of organic matter but as an 
intermediate product from nitrification and denitrification processes under conditions of low oxygen 
availability (Chadwick et al., 1999; Laguë, 2003; Casey et al., 2006; IPCC, 2006; Fabbri et al., 
2007).  

GHG emissions from layer buildings have been reported by several studies through literature. 
Original literature values were converted on g yr-1 hen-1 basis to facilitate comparison. Table 1 
presents CO2, CH4, and N2O emissions for different manure management systems. 

Table 1. Carbon dioxide, methane, and nitrous oxide emissions from layer buildings. 

Manure management system 

Greenhouse gas emissions [1] 
CO2 CH4 N2O 

(g yr-1  
hen-1) Ref. [2] (g yr-1  

hen-1) Ref. [2]  (g yr-1  
hen-1) Ref. [2] 

Battery cages but unknown 
system 

12,614 to 
37,843 (1, 2) 4 to 60 (2, 3, 4) 15 to 30 (11, 

12) 
Conventional manure drying 

by forced air on a belt n.d. (n.d.) 30 to 80 (5, 6, 7) n.d. (n.d.) 

Deep-pit n.d. (n.d.) 29 to 33 (6, 8) 16 (8) 
Emission factors from 

governmental agencies n.d. (n.d.) 300 to  
500 (9, 10) 1 (13) 

n.d.: not defined. 
[1] They represent the converted emissions calculated by the authors. When the bird weight was unknown, 
assumptions were made to estimate it to 1.8 kg hen-1, correspondingly to the means established by Hamelin et al. 
(2007). 
[2] Numbers in parentheses refer to: 1. Neser et al., 1997; 2. Wu-Haan et al., 2007; 3. Groot Koerkamp and Uenk, 
1997; 4. Monteny et al., 2001; 5. IPCC, 2006; 6. Fabbri et al., 2007; 7. Hörnig et al., 2001; 8. Wathes et al., 1997; 9. 
Safley and Casada, 1992; 10. Environment Canada, 2010; 11. Chadwick et al., 1999; 12. Sneath et al., 1997; 13. 
EPA, 2001. 

 

Only two references were found for CO2, coming from Germany and United States. Statistical 
analysis shows a mean of 26,473 ± 10,844 g yr-1 hen-1. Nine CH4 emission values from layer 
buildings were denoted in literature. There is a huge range of values depending on experiments or 
the method of establishment of emission factors. The difference is clearly demonstrated by the 
statistical analysis whereas the CH4 emission mean no matter the system is fixed at 109 ± 151 g yr-

1 hen-1. Sources’ locations are the Netherlands, Italia, Czech Republic, United Kingdom, United 
States, Japan and Canada. Four references from United Kingdom, United States and Germany 
reported N2O emission factors with statistical calculations giving a mean of 15.4 ± 11.9 g yr-1 hen-1. 

MATERIAL AND METHODS  

Experimental rooms The experiment was conducted in the BABE (“Bilan agroenvironnemental 
des bâtiments d’élevage”) laboratory belonging to the “Institut de recherche et de développement 
en agroenvironnement” (IRDA). This laboratory is located in the building DC-137 at the “Centre de 
recherche en sciences animales de Deschambault” (CRSAD) near Québec. 
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The BABE laboratory (Figure 1) consists of twelve completely independent bench-scale rooms (1.2 
m wide x 2.4 m long x 2.4 m high), arranged side by side. As much the structure of the rooms as 
the exterior walls are made up of wood and painted plywood. Joints are all sealed and doors are 
airtight to prevent any air exchange. A polyethylene sheet also covers the bottom of interior walls to 
protect them from manure. Rooms are built with commercial concrete full-slatted floor.  

12 rooms equally spaced and
dimensioned

shipping

Equipment
room Entrance

1 2 3 4 5 6 7 8 9 10 11 12

Stock-
room

 
Figure 1. Schematic view of the BABE laboratory. 

Biosafety level is ensured by a Danish-type entry at the entrance of the building. Furthermore, all 
material needed for cleaning, feeding or caring of animals was entered in the laboratory before the 
beginning of the trials. Finally, the laboratory lodges an equipment room for data acquisition and a 
stockroom.  

The ventilation system is individually controlled for the twelve chambers. Each room is equipped 
with a variable speed exhaust fan. The incoming air from outside is common for all the rooms and 
comes from a main duct where it is pre-conditioned. An air conditioning unit, located at the entrance 
of the main duct, is used, if necessary, to cool air before entering the rooms. During cold season, 
the air is warmed up by a heating system located just after the air conditioner. A second heating 
unit, fixed to the ventilation duct of each room, allows an optimal temperature adjustment for each 
chamber. 

Experimental systems The experimental treatments were defined by a group of experts working 
in the Québec’s egg production. It had the task of targeting the main manure management systems 
established on the province’s facilities. The three systems chosen were also well documented in 
worldwide literature. These manure management systems are: 
• Slurry: manure dropped beneath the cages into a gutter at the bottom of the room where the 

addition of water permits to pump it out as slurry at the end of the trials; 

• Solid: manure dropped on a belt under the cages where it remains until it is removed twice a 
week; 

• Dried: manure dropped on a belt under the cages where it is dried with forced air until is it 
removed twice a week. 

Hens under solid and dried managements (Figure 2) were reared in Farmer Automatic’s Multi-Deck 
battery cages (485.5 mm wide x 507 mm deep x 540 mm high; Farmer Automatic, 2010) put 2x2 on 
three decks for a total of six cages. Each cage of both systems included five hens (492 cm2 hen-1). 
The drying system, which differentiates the solid and dried managements, was installed under all 
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decks of battery cages. A perforated 7.5-cm duct blew air from a 10-cm VTX-400 blower 
(Atmosphere, 2010) fixed beneath the air inlet. Five-mm perforations were made at each 160 mm 
with a 45-degrees angle, based on ventilation duct characteristics (Godbout, 2010). The blower 
was regulated to work at a speed of 3.05 m s-1.  

 
Figure 2. The slurry (left), solid (centre), and dried (right) manure managements systems. 

Hens under slurry management were reared in commercial cages (Ranch Cunicole G.L.R. inc., 
Saint-Hyacinthe, Québec, Canada) measuring 1 524 mm long, 457 mm deep and 457 mm high 
(Figure 2). Both levels included five sections of 305 mm in length with three hens in each one (465 
cm2 hen-1). A pan was installed under the first stage of cages at 45 degrees so that the manure can 
drop aside the wall to the pit located under the slatted floor.  

Experimental design The experiment was achieved over two successive 8-week trials (Table 2) 
corresponding to the first eight weeks of laying by the hens (19th to 27th week of age). This 8-week 
period was found to be the most critical with regard to gas emissions by a preliminary study 
(Fournel, 2011). An 11-day acclimatization period preceded each trial. Systems were randomly 
assigned to rooms. The same disposition was kept as much for trial 1 as trial 2. 

Table 2. Important dates of each trial (2010). 

Trial Beginning date Start of measures End date 

1 March 25 April 6 May 28 

2 June 10 June 21 August 13 

 
Animals, lightning, and feeding Laying hens were Lohmann LSL-Lite (Lohmann Tierzucht 
GmbH, 2003), the most common race in Québec (73%; FPOCQ, 2010). At the beginning of the 
trials, the lightning period was about 13 hours per day. It was increased by 30 minutes every two 
weeks until it reached 14 hours per day. The lightning system was regulated to bring a luminous 
intensity of 40 lux per room (Light Meter, Lux/FC, 840020C, Sper Scientific Ltd.). Water was 
provided from a homemade system including a solenoid valve connected to the datalogger to 
register the water flow trough the nipple drinkers inside the cages. An amount of 100 g hen-1 of 
commercial feed for laying hens (2005-000, Aliments Breton, St-Bernard-de-Beauce, Québec, 
Canada) was served every day.  
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Instrumentation, measurements, and calculations  

Temperature and relative humidity The temperature and relative humidity of the air in each 
individual room were measured using a probe (model CS500, accuracy ± 0.5°C at 20°C and ± 3% 
RH, Campbell Scientific Canada corp.). A datalogger was connected to a computer to load data 
coming from the temperature-relative humidity probe every 10 seconds and record the average 
every 15 minutes. In accordance with commercial practices (FPOCQ, 2009), the temperature in the 
rooms was fixed to 23°C.  

Ventilation rates Ventilation rates were calculated from a 204-mm iris orifice damper (Model 200, 
Continental Fan Manufacturing Inc., Buffalo, New York, United States, accuracy ± 5%) installed in 
the exhaust duct of each room. A datalogger read the difference of pressure measured across the 
damper every 10 seconds and recorded the average every 15 minutes during each trial.  

Weights of laying hens, eggs, and feed Laying hens were weighed before they entered the 
rooms and when the trials ended. Eggs were collected each day and weighed once a week. They 
were then brought in laboratory where dry matter content (DMC), proteins, total nitrogen (TN) and 
minerals (P, K, Ca, Mg, Al, B, Cu, Fe, Mn, Zn, Mo, Na, Ni, Cd, Cr, Co, Pb, S, Ba and Sr) were 
analyzed. Feed weight was also noted every day. An analysis in laboratory was also made on 
DMC, proteins, NT, fat and minerals (P, K, Ca, Mg, Al, B, Cu, Fe, Mn, Zn and Na) in feed. 

Composition of manure Manure samples were collected every week of each trial. A fixed amount 
of manure was taken from a randomized spot in each room. In the rooms under solid and dried 
managements, samples were taken on the manure belt while, in the rooms under slurry 
management, samples were taken from the underfloor pit storage. The samples were analysed for 
pH, DMC, TN, ammonium nitrogen (NH4-N), ashes, organic matter contents, density and minerals 
(P, K, Ca, Mg, Al, B, Cu, Fe, Mn, Zn and Na). 

Greenhouse gas concentrations and emissions The sampling air was pumped to a mobile 
laboratory through Teflon™ tubing. In there, CO2, CH4, and N2O were analyzed by gas 
chromatography (GC; Varian, model 3600, Walnut Creek). The strategy for chromatographic 
analysis was the separation of the three gases in columns packed with Porapak Q (Waters 
Corporation, USA). The CH4 was quantified with a flame ionisation detector (FID) while the CO2 
and N2O were measured with an electron capture detector (ECD). The instrumental errors on gas 
concentrations were respectively 30, 0.5, and 0.1 ppmv for CO2, CH4, and N2O. 
Every 15 minutes, the three gases in one room were analyzed. The instantaneous analysis with the 
GC was carried out on sampling gases that circulated in the injection loop of the GC at the end of 
the 15-minute period. Concentration measurements were taken continuously during the entire 
experiment and were synchronized with the ventilation flow recording.  

The GHG emissions were calculated for each sampling period using Equation 1 as follows: 

6.525
287

)( ××
×

−
××−=

air

GHGvatm

hens
inoutGHG M

M
T
PP

N
QCCE ,  (1) 

where EGHG represents CO2, CH4, or N2O emissions for one room during one sampling event (g yr-1 
hen-1), Cout is the GHG concentration at the room inlet (ppmv), Cin is the GHG concentration at the 
exhaust fan of the room (ppmv), Q is the average room ventilation flow in the room during the 
sampling event (m3

air min-1), Nhens is the number of hens in the room, Patm and Pv are respectively 
the atmospheric pressure at sea level (101,325 Pa) and the vapor pressure (Pa), T corresponds to 
the temperature (K), MGHG characterize the molar masses of CO2 (44.0095 g mol-1), CH4 (16.0425 g 
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mol-1) or N2O (44.0128 g mol-1), Mair signifies the molar mass of air (28.96538 g mol-1), and 526.6 (g 
yr-1)  is a conversion factor. 

Statistics The experiment was realized as a completely randomized plan with three systems and 
four repetitions, repeated twice. Weekly averages were calculated from all emissions measured for 
each period of 15 minutes within one week and reported in g yr-1 hen-1 to facilitate comparison with 
the literature. The measures made during the eight weeks of a same room are considered to being 
correlated. The analysis of variance of such experience with repeated measures in time requires 
the use of a mixed model to analyze the effects of the systems on CO2, CH4 and N2O emissions. 
The fixed effects of the model are the system (slurry, solid or dried), the week (1 to 8) and the 
interaction system by week. Random effects are the trial, the interaction trial by system by 
repetition due to the variation between the rooms for each trial and the residual error. The 
procedure PROC MIXED of the SAS program (Version 8, 1999, SAS Institute Inc., Cary, North 
Carolina, United States) was used for the adjustment of the model (Littell et al., 2006).  

RESULTS AND DISCUSSION 

Performances of laying hens Within trials, initial and final hen weights were similar between 
systems. Average initial weights were respectively 1.33 and 1.44 kg for trials 1 and 2. At the end of 
each trial, hens weighed about 1.66 and 1.62 kg respectively. Hens were thus heavier at the 
beginning of trial 2, but they had a lower weight gain resulting in a lower final weight.  

Hens under slurry management consumed an average of 107.72 g d-1 of food and 0.177 L d-1 of 
water during trial 1 and 102.44 g d-1 of food and 0.170 L d-1 of water during trial 2. Hens reared 
under solid and dried systems ingested about 92 and 94 g d-1 of food and 0.165 and 0.159 L d-1 of 
water during both experiments. It thus seems that hens in slurry management rooms ate and drank 
more than those in solid and dried systems. Less competition at the dish since the number of 
animals per cage was lower (3 vs. 5) could be the cause.  

During trial 1, the egg production reached 93.4, 94.3 and 92.7% respectively for the slurry, solid 
and dried manure managements. They then reached 95.3, 95.7 and 93.7% during trial 2. Mean 
weights of laid eggs were 55 and 54 g during trials 1 and 2 respectively. Conversion rates in kg of 
food by dozen of eggs were better for the solid and dried managements at 1.18 comparatively to 
the slurry system with 1.38 and 1.27 during trials 1 and 2. 

The egg production was slightly greater during trial 2 although weight gain was smaller. In general, 
hens under solid management seemed to produce more eggs than hens under dried management 
in spite of similar conversion rates. On the other hand, hens under slurry management had the 
worse conversion rate as a result of more food and water consumed. In fact, the efficiency of egg 
production is improved between 7 and 14.5% with the solid and dried systems. 

Performances of laying hens are listed in Table 3. 

Manure characteristics Hens under slurry, solid and dried managements produced respectively 
an average of 140.16, 70.88 and 60.78 g d-1 of fresh manure having densities of 1.09, 1.06 and 
1.05 g cm-3. The manure pH and DMC were respectively 7.67, 6.64 and 6.76 and 25, 37 and 44%. 
Total nitrogen reached 1.06, 1.68, 1.65 g d-1 hen-1 for the three systems, whereas phosphorus 
concentration was 0.50, 0.60 and 0.59 g d-1 hen-1. Potassium quantities found in manure were 1.53, 
1.82 and 1.80 g d-1 hen-1. Finally, levels of calcium and magnesium were similar between systems 
with 0.14 and 0.02 g d-1 hen-1 respectively. 
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 Table 3. Performances of laying hens. 

Trial 
Manure 

management 
system 

Performance parameter [1] 

IW FW FC WC EP CR 
(kg  

hen-1) 
(kg 

hen-1) 
(g d-1  
hen-1) 

(L d-1 

hen-1) 
(d-1  

hen-1) 
(kgfood 

dzeggs
-1) 

1 
Slurry 1.34 1.66 107.7 0.177 0.934 1.38 
Solid 1.34 1.69 92.53 0.165 0.943 1.18 
Dried 1.30 1.63 91.30 0.164 0.927 1.18 

2 
Slurry 1.39 1.64 102.4 0.170 0.953 1.27 
Solid 1.42 1.59 93.75 0.156 0.957 1.15 
Dried 1.41 1.63 94.14 0.161 0.937 1.18 

[1] IW: initial weight; FW: final weight; FC: food consumption; WC: water consumption; EP: egg 
production; CR: conversion rate. 

 

The mass of manure measured for the slurry management was obviously higher in comparison with 
the solid and dried systems due to the addition of water at the beginning and at the end of each 
trial. This water addition also generated a lower DMC and a higher pH. Besides, the difference 
between the two other managements is due to the drying system which permits to evaporate a 
certain quantity of water from the manure produced under dried management.  

Total nitrogen was lower for the slurry management while ammonium nitrogen was clearly over the 
others systems. In the first case, higher losses of nitrogen through NH3 emissions (next section) 
should have resulted in lower concentrations in manure. In the second case, slurry manure 
contained more NH4-N because of the higher humidity which favoured microorganisms to produce it 
from nitrogen in manure and hydrogen in water. Slurry manure contains also lower phosphorus and 
potassium concentrations since these elements are linked to dry matter. 

A study on the characterization of hen manures made by Seydoux et al. (2006) on 24 Québec’s 
facilities reported a density of 1.07 g cm-3 comparable to the numbers of the present work. These 
authors also noted a 55-percent DMC for solid and dried manures and a 12-percent DMC for slurry 
manures. However, theses values differ from those presented before. In the case of solid and dried 
manures, even thought Fabbri et al. (2007) obtained a DMC (28 to 42%) similar to 44% for the 
ventilation belt technique, they considered this result fairly below with regard to what is generally 
reached with this method. Actually, the TS content of manure produced under dried management 
should be around 50 to 70% (Groot Koerkamp, 1994; da Borso et Chiumenti, 1998), as revealed by 
Seydoux et al. (2006) and obtained by Lockyer et al. (1989) (61%). Nevertheless, higher DMC 
could have been obtained with the drying system in this study whether several power failures would 
not have stopped it for some periods (less than 24h). These events have certainly resulted in 
smaller DMC.  

Then, in the case of slurry manures, it must be underlined that a 10-percent DMC, near of what 
Seydoux et al. (2006) proposed, was obtained at the beginning of each trial with the addition of 
water. However, it increased quickly to about 30% during the subsequent weeks because of some 
suspected leaks under the underfloor pit. The impossibility to retain water thus resulted in an 
average 25-percent DMC, which is nonetheless comparable to what Lockyer et al. (1989) found for 
droppings stored beneath the cages in a pit where water was added (26-percent DMC). 

The differences in DMC between systems could have also influenced the mineral contents. In fact, 
the dilution or the drying level can have an impact on some minerals, especially phosphorus and 
magnesium which are strongly linked to DMC. This analysis can certainly explain partially the lower 
nitrogen (1.11 to 1.5 g d-1 hen-1), phosphorus (0.42 to 0.48 g d-1 hen-1), potassium (0.52 to 0.64 g d-1 
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hen-1) and magnesium (0.13 to 0.134 g d-1 hen-1) contents found by Seydoux et al. (2006). The 
sampling realised by these authors was effectively done into manure tanks where the dilution could 
have resulted in lower concentrations comparatively to sampling done directly beneath the animals. 
Furthermore, the high content in calcium (1.4 to 1.63 g d-1 hen-1) found by Seydoux et al. (2006) 
likely resulted from the dropping of relegated eggs into the tank.  

Table 4 presents the characteristics of the manure collected from the three management systems. 

Table 4. Composition of the manure collected from the three managements. 

  Manure pH DMC TN NH4-N P K Ca Mg 

  (g d-1 
hen-1)  (%) (g d-1 

hen-1) 
(g d-1 
hen-1) 

(g d-1 
hen-1) 

(g d-1 
hen-1) 

(g d-1 
hen-1) 

(g d-1 
hen-1) 

Tr
ia

l 1
 L 139.79 7.70 27.18 1.20 0.68 0.52 1.58 0.12 0.01 

S 64.04 6.71 38.87 1.62 0.23 0.58 1.63 0.13 0.01 
D 54.66 6.78 46.63 1.52 0.17 0.56 1.64 0.13 0.01 

Tr
ia

l 2
 L 140.53 7.64 23.67 0.93 0.45 0.48 1.49 0.11 0.01 

S 77.72 6.58 35.80 1.75 0.29 0.62 2.01 0.15 0.02 
D 66.90 6.74 40.99 1.78 0.22 0.63 1.95 0.15 0.02 

M
ea

n L 140.16 7.67 25.42 1.06 0.57 0.50 1.53 0.12 0.01 
S 70.88 6.64 37.33 1.68 0.26 0.60 1.82 0.14 0.02 
D 60.78 6.76 43.81 1.65 0.20 0.59 1.80 0.14 0.02 

L = slurry, S = solid, D = dried, DMC = dry matter content, TN = total nitrogen, NH4-N = ammonium nitrogen, P = 
phosphorus, K = potassium, Ca = calcium, Mg = magnesium. 

 
Environmental parameters The outside ambient temperatures (12.40°C for trial 1 vs. 22.32°C 
for trial 2) between both trials were naturally different due to the change of season (March to May 
for trial 1 vs. June to August for trial 2). However, the indoor temperatures in the rooms were 
essentially similar, with slightly higher average temperatures during the second trial (22.08°C for 
trial 1 vs. 22.40°C for trial 2; Figure 3), indicating a good working of the air conditioner and the 
heating units. The relative humidity for the second trial (47%) was also fairly higher than the first 
trial (34%). Humid conditions during trial 2 could be the cause. Nevertheless, they were below the 
60-percent relative humidity recommended by Lohmann Tierzucht GmbH (2003) and maintained in 
Québec’s layer facilities (FPOCQ, 2009). However, it should not have influenced the results.  

The measured airflow rate was similar between rooms within the trials. The season influenced the 
average flow as well for trial 2 since it was slightly higher than trial 1 (1.029 L s-1 hen-1 for trial 1 vs. 
1.192 L s-1 hen-1 for trial 2; Figure 4). The minimum and maximum ventilation rates ranges from 
0.13 to 1.98 L s-1 hen-1 for trial 1 and from 0.54 to 3.00 L s-1 hen-1 for trial 2. This globally 
corresponds to the flows recommended by FPOCQ (2009) of 0.23 L s-1 hen-1 (0.5 cfm hen-1) in 
summer and 3.3 L s-1 hen-1 (7 cfm hen-1) in winter. 
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Figure 3. Average inside temperature for the twelve rooms over both trials. 
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Figure 4. Average air flow rate for the twelve rooms over both trials. 

Carbon dioxide emissions The slurry, solid, and dried managements emitted respectively 
36,033, 28,167, and 28,723 g yr-1 hen-1 (Table 5). Therefore, the dried and solid systems reduced 
CO2 emissions between 20 and 22% although 96% of CO2 is produced by the animals’ breath 
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(Marquis, 2002). Consequently, the significant (P=0.0004) differences found between the three 
systems about CO2 emissions are due to the remaining 4% attributable to manure decomposition. 
Actually, it is possible to pretend that long-term storage of manure inside the rooms under slurry 
management permitted a more intensive degradation of manure into CO2. In addition, no significant 
difference (P=0.7656) was found between the solid and dried systems.  

Table 5. Mean carbon dioxide emissions for each management system over the weeks 

 Manure management system 
 Slurry Solid Dried 

CO2 emissions [1] (g yr-1 hen-1) 36,033 a 28,167 b 28,723 b 
[1] Values followed by a same letter are not significantly different at P = 0.05 as 
determined by pairwise contrasts 

 

Furthermore, the statistical analysis showed a significant week effect on CO2 emissions 
(P<0.0001). In fact, the CO2 production being directly proportional to laying hens weight, the 
production should have increased over time as they got heavier, as seen in Wu-Haan et al. (2007). 
Although the emission factors increased between weeks 3 to 7, the CO2 production was fairly 
higher during weeks 1 and 2 (Figure 5). A possible explanation could be attributable to the change 
of metabolism of younger hens. At the beginning of the ovulation/oviposition phase, the hens’ 
nutritional needs vary occurring as well a variable daily consumption (Morris and Taylor, 1967; 
Wood-Gush and Horne, 1970; Mongin and Sauveur, 1974; Scanes et al., 1987). Actually, the egg 
formation necessitates an increase of the daily consumption to meet the hens’ energy needs, 
whereas it drops the days when the laying doesn’t happen. With a laying efficiency of 10 to 55% 
during the first three weeks (Lohmann Tierzucht GmbH, 2003), it could be thus normal to obtain 
greater emissions due to an inefficient utilisation of nutrients. Finally, no reason could explain the 
small decrease of emission values registered on week 8.  
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Figure 5. Mean carbon dioxide emissions for each management system as a function of the week. 

Besides, the measured CO2 emissions no matter the system are similar to the results obtained by 
Neser et al. (1997) and Wu-Haan et al. (2007) with laying hens reared in battery cages (12,614 to 
37,843 and 23,954 to 32,574 g yr-1 hen-1, respectively; Table 1).   
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Methane emissions The CH4 emissions from slurry, solid, and dried managements were 31.64, 
25.31, and 27.73 g yr-1 hen-1 (Table 6). Therefore, the dried and solid systems reduced respectively 
12 and 20% of CH4 emissions in comparison with the slurry management. Since CH4 is a product 
from the anaerobic digestion of organic compounds included in manure (Chadwick et al., 1998; 
Laguë, 2003; Fabbri et al., 2007), the significant difference (P=0.0075) between systems is likely 
due to the greater presence of anaerobic conditions in slurry manure. At first, the addition of water 
at the beginning of trials to manage manure as slurry resulted in a lower DMC and a reduction of 
oxygen. Then, Liang et al. (2004) asserted that an accumulation of manure generates anaerobic 
conditions into the pile after 25 days. In addition, there was no difference (P=0.2072) between the 
solid and dried systems.  

Table 6. Mean methane emissions for each management system over the weeks 

 Manure management system 
 Slurry Solid Dried 

CH4 emissions [1] (g yr-1 hen-1) 31.64 a 25.31 b 27.73 b 
[1] Values followed by a same letter are not significantly different at P = 0.05 as 
determined by pairwise contrasts 

 

Apart anaerobic conditions, pH could be also a parameter responsible for a higher CH4 production 
by slurry management. It appears that CH4 emissions are greater near the neutrality and that 
manure acidification could be a mitigation strategy to reduce emissions (Hilhorst et al., 2001). In 
fact, the CH4 emissions halve at pH 6.5. Accordingly, lower pH values (6.64 and 6.76, respectively; 
Table 4) for solid and dried manures could have resulted in smaller CH4 emission rates relatively to 
slurry manure (7.67; Table 4). In the study of Wu-Haan et al. (2007), a decrease of manure pH from 
hens fed two different diets was judged to partially explain the observed 17-percent reduction in 
CH4 emissions. The slight difference in pH between the solid and dried systems could also explain 
that the first one resulted in smaller CH4 emissions even though dried manure had a greater DMC, 
which is supposed to lower emissions (Fabbri et al., 2007).   

Comparing the CH4 emissions, a very significant difference (P<0.0001) was also found between the 
weeks. The same effect was also noted by Wu-Haan et al. (2007) but not for the same reason. In 
fact, if these authors found that 21-week-old hens likely produce greater CH4 emissions than at 38 
or 59 weeks of age, the present study can’t confirm this tendency since emissions of weeks 7 and 8 
are greater than weeks 2 to 6 (Figure 6). In addition, the huge difference between the first two 
weeks, as for CO2 emissions, could be the result of the change of metabolism of younger hens 
(Morris and Taylor, 1967; Wood-Gush and Horne, 1970; Mongin and Sauveur, 1974; Scanes et al., 
1987). 
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Figure 6. Mean methane emissions for each management system as a function of the week. 

The measured values are in accordance with those of Wathes et al. (1997), Fabbri et al. (2007) and 
Wu-Haan et al. (2007) who obtained CH4 emission rates between 28.94 and 32.56 g yr-1 hen-1 for 
similar slurry and dried systems respectively (Table 1). However, CH4 emissions near than double 
(56 g yr-1 hen-1; Table 1) were observed by Groot Koerkamp and Uenk (1997), Hörnig et al. (2001) 
and Monteny et al. (2001). Emission factors (Table 1) obtained by Safley and Casada (1992) and 
Environment Canada (2010) should be perhaps revised since they are much greater. 

Nitrous oxide emissions The N2O emissions measured for the slurry, solid and dried 
managements were 2.78, 2.60 and 2.48 g yr-1 hen-1 (Table 7). These results correspond in 7- and 
11-percent reductions for solid and dried systems over slurry management, though they were not 
judged significantly different (P=0.3273). However, the slight difference could be yet the result of 
long-term storage which increased the slurry manure degradation into N2O, as reported by Fabbri 
et al. (2007). 

Table 7. Mean nitrous oxide emissions for each management system over the weeks 

 Manure management system 
 Slurry Solid Dried 

N2O emissions [1] (g yr-1 hen-1) 2.78 a 2.60 a 2.48 a 
[1] Values followed by a same letter are not significantly different at P = 0.05 as 
determined by pairwise contrasts 

 

Therefore, illustrated as a function of week, the N2O emissions from the slurry system were 
expected to increase over the weeks when droppings accumulate for a long time (Fabbri et al., 
2007). Nevertheless, they seem to decrease after the fifth week (Figure 7). Besides, the emissions 
from the slurry management are the most variable since emissions from solid and dried systems 
look similar over the weeks. Finally, no significant difference (P=0.4576) was found between the 
weeks. 
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Figure 7. Mean nitrous oxide emissions for each management system as a function of the week. 

The measured N2O emissions are near the inferior limit of what obtained Sneath et al. (1997), 
Neser et al. (1997), Wathes et al. (1997) and  EPA (2001) (1 to 30 g yr-1 hen-1; Table 1). This result 
comes from the very low N2O concentrations measured, only slightly higher than the concentrations 
in ambient air. The same observations established by some authors (Wathes et al., 1997; 
Jungbluth et al., 2001; Fabbri et al., 2007) indicated that N2O emissions from layer houses should 
be judged critically since they vary considerably obviously due to the low concentrations from which 
emissions are calculated. In certain cases, no significant emissions were registered for N2O since 
they were consistently close to zero as much for deep-pit systems as ventilated belt houses (Fabbri 
et al., 2007). Nevertheless, the very lowest N2O emissions should be taken into account due to 
their potential on global warming.  

Greenhouse gas emissions As a result of Tables 5 to 7, total GHG emissions can be 
calculated on a CO2-equivalent basis, as presented in Table 8. The evaluation of GHG emissions is 
based only on what is emitted from manure. In this case, since the majority of CO2 is produced by 
animals, only CH4 and N2O are considered. Therefore, the dried (1,352 g CO2-eq. yr-1 hen-1) and 
solid (1,336 g CO2-eq. yr-1 hen-1) systems reduced 11.5 and 12.5% of GHG emissions 
comparatively to the slurry management (1,527 g CO2-eq. yr-1 hen-1).  

Table 5. Greenhouse gas emissions from the three management systems  

Gas Manure management system 

Name 
Global 

warming 
potential 

Slurry  Solid  Dried  

CO2 (g yr-1 hen-1) 1 36,033 28,167 28,723 
CH4 (g yr-1 hen-1) 21 31.64 25.31 27.73 
N2O (g yr-1 hen-1) 310 2.78 2.60 2.48 

Total (g CO2-eq. yr-1 hen-1) 1,527 1,336 1,352 

 
As mentioned before, since 1999, the Québec’s table egg production has evolved greatly, 
especially in terms of manure management systems. The repercussions of the change to a new 
main practice on GHG emissions during the decade 1999-2009 are presented in Table 6. The shift 
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has resulted in a reduction of 102 g CO2-eq. yr-1 hen-1, which means 370 tons of CO2-equivalent 
less emitted to the atmosphere from Québec’s layer facilities in one year (2009) in comparison with 
the numbers of 1999.    

Table 6. Total greenhouse gas emissions from Québec’s facilities between 1999 and 2009  

 1999[b] 2009[c] 
Number of laying hens 2,460,292 3,661,048 
% of slurry manure management system 
(1,527 g CO2-eq. yr-1 hen-1) 92 36 

% of solid and dried manure management systems   
(1,344 g CO2-eq. yr-1 hen-1) [a]   8 63 

Total annual greenhouse  
gas emissions 

kt CO2-eq. yr-1 3.72 5.11 

g CO2-eq. yr-1 hen-1 1,512 1,410 
[a] Mean of both systems. 
[b] Values from FPOCQ (2000). 
[c] Values from FPOCQ (2010): the sum is not 100% because 1% is attributed to farms on litter.   

 

CONCLUSION The specific objective addressed in this research consisted in targeting which of 
the three main manure management systems existing in Québec’s layer farms was the most 
promising in mitigating GHG emissions. The results demonstrated that dried and solid systems 
reduced on average respectively CO2, CH4 and N2O emissions by 20 (28,723 g yr-1 hen-1) and 22% 
(28,167 g yr-1 hen-1), by 12 (27.73 g yr-1 hen-1) and 20% (25.31 g yr-1 hen-1) and by 11 (2.48 g yr-1 
hen-1) and 7% (2.60 g yr-1 hen-1) comparatively to slurry management (36,033 g CO2 yr-1 hen-1, 
31.63 g CH4 yr-1 hen-1 and 2.78 g N2O yr-1 hen-1). These attenuations would represent about 12% 
less GHG emissions in the atmosphere, corresponding to a 102-g-per-year-per-hen decrease in 
CO2-eq. which results in 370 tons less in 2009 with regard in 1999. Therefore, the shift started a 
decade ago for solid manure managements needs to be encouraged by the FPOCQ since these 
techniques significantly decrease the production of GHG and have fewer effects on environment.  
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