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Abstract

:

Livestock is an important source of volatile organic compounds (VOCs) that can cause odor nuisance and pollution. The main sources of these VOCs in livestock are effluents and their management system. In this study, the applicability of headspace-solid phase microextraction coupled with gas chromatography-mass spectrometry (HS-SPME-GC-MS) for VOC characterization in effluent samples in both laboratory and field tests was evaluated. In the laboratory test, the VOC profile of different farm effluents (cattle dung, slurry and chicken droppings) was measured as well as the influence of the presence of litter material on their release. In the field test, a comparison was made between the VOC profile of two manure pits that had undergone treatment or not to assist in effluent management. The results presented here show that the HS-SPME-GC-MS technique allows one to quantify a wide spectrum of VOCs responsible for olfactory nuisances (177 and 73 VOCs in total for the laboratory and field tests, respectively) in a simple, fast, and economic way. This technique could be further developed to monitor olfactory nuisance markers and predict the evolution of different effluent materials.
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1. Introduction


Agriculture challenges in livestock production are environmental (pollution, fine particles, global warming etc.) and socio-economic (olfactory nuisance, animal welfare, etc.) [1]. Livestock effluents are a source of many problematic emissions such as ammonia (NH3), hydrogen sulfide (H2S), and VOCs (volatile organic compounds), which contribute to olfactory nuisance. The intensification of animal numbers and increasing urbanization have resulted in considerable attention to odorous gases produced from animal waste. Effluent-released VOCs from liquid (slurry) or solids (dung or feces), generally mixed with bedding materials (manure), alter the air quality, and may also affect the health of animals and livestock [2]. Finally, VOCs are important precursors to the production of air pollutants [3,4]. The effluent production of these VOCs is influenced by various factors: the manure rearing and management system [5,6], the animal digestion system (monogastric or ruminant) [7], the bedding material [8], and environmental hygiene additives [9,10]. As shown in the literature, studies on livestock VOCs can be carried out in many different ways. Samples can be collected in the field with direct subsequent VOC analyses. In their 2021 review [11], Wang et al. described the different techniques used to collect, store, and analyze VOCs in livestock buildings [12,13]. Kammer et al. [14] used a PTR-Qi-TOF-MS (proton transfer reaction–quadrupole ion guide–time of flight–mass spectrometry) and a TD-GC-MS (thermal desorption-gas chromatography-mass spectrometry) to measure and directly compare the production of VOCs from two farms (cattle and sheep) by bringing analytical equipment into the field. The interest in conducting the analyses directly in the field allows one to be as close as possible to the phenomena producing the VOCs (effluent storage space, animal litter, complete livestock building etc.), which are not reproducible in the laboratory. However, these samplings and analyses are dependent on uncontrollable environmental factors such as air velocity, temperature, farmer activity, and permits the processing of only a small amount of sample for analysis. In addition, it is difficult to sort between sources of VOCs, for example, an air sample in the livestock building may be contaminated with VOCs from the manure pit next door. Contrary to direct in-field-analyses, it is also possible to collect the material responsible for the production of the VOCs (effluent, bedding, etc.) and perform subsequent analyses using different techniques in the laboratory. This makes it possible to process a large volume of the sample for a better representation. This type of sampling also makes it easier to differentiate the sources of VOCs. Effluent samples collected in the field can be kept at 4 °C or −20 °C until further analysis. The feasibility of such offline analyses and comparisons between a fresh or frozen sample have been described in different studies [15,16,17,18]. Offline laboratory analyses present the advantage of being more reproducible, less time consuming, and automatized, offering the possibility of analyzing a considerably higher number of samples. It also allows access to a comprehensive range of analytical equipment that are too large to be brought into the field.



Various analytical methods are available for the analysis of effluent VOCs, both in quantification and identification. In recent studies, the most common methods are TD (thermal desorption) or SPME (solid phase microextraction) coupled with GC-FID (gas chromatography-flame ionization detector), GC-MS (gas chromatography-mass spectrometry), and the association of olfactometry (GC-MS-O) [19]. PTR-MS (proton transfer reaction-mass spectrometry) [14,20,21] and MIMS (membrane inlet mass spectrometry) [22] are also used for continuous measurement in the field. The current study used headspace solid-phase microextraction (HS-SPME) for the extraction of VOCs from solid or liquid samples, coupled with subsequent detection by GC-MS. This method uses a solvent-free sample preparation technique in which a coated fused silica fiber is introduced into the headspace above the sample closed in a glass vial. VOC extraction by HS-SPME presents the advantage of being simple and economical [23]. The extraction does not require solvents and the SPME fiber is reusable. In addition, the extracted compounds on SPME fibers can be desorbed directly in the GC inlet, allowing for subsequent analysis. Coupled with GC-MS, such analysis could allow for the profiling of a wide range of untargeted VOCs with the simultaneous semi-quantification and identification of hundreds of compounds with a low limit of detection [23]. SPME-GC-MS has already been used to characterize VOCs from several effluent sources such as pig manure [18,24], horse manure [16], and cattle effluents [25], but also within the livestock building [26] with a preheating device using fiber directly in the environment. This technique was also used in monitoring the composting process for these effluents [27] and the analysis of methanized digests [28].



In this work, the main aim was to demonstrate the interest in the HS-SPME-GC-MS technique for the VOC profiling of both laboratory and field effluent samples. In the first study, the effluent samples (chicken droppings, cattle slurry, and cow dung) were analyzed alone and in a mixture with material that could be used as litter (e.g., crushed straw). The aim was to characterize, by the HS-SPME-GC-MS technique, the main VOCs produced in the headspace of the sample and the applicability of such a technique for the laboratory analysis of effluent mixtures. In the second study, a field analysis was carried out on bovine manure by comparing samples from two pits that had undergone treatment or not to assist in effluent management. The objective of these two studies was to demonstrate that HS-SPME-GC-MS analyses of samples taken on-farm or partially reconstructed in the laboratory allow for the characterization of the main VOCs and the monitoring of their evolution.




2. Materials and Methods


2.1. Cattle Dung and Slurry for Laboratory Assays


Cattle slurry was obtained from a dairy farm (Holstein breed, diet: maize silage, located in Hénanbihen, Ille-et-Villaine, France). Slurry was collected from the lagoon with a telescopic pole. One litter (three replicates mixed) of fresh slurry was collected in 1 L plastic containers, cooled to 4 °C, and immediately brought to the laboratory (dry matter = 3% w/w). Cattle dung was collected from another dairy farm (located in Pleudihen-sur-Rance Côte d’Armor, France) in a meadow with heifers (Holstein breed). To be representative, a dozen different fresh dung samples were collected by hand and immediately cooled to −20 °C (dry matter = 18.5% w/w) [29].




2.2. Poultry Droppings for Laboratory Assays


Poultry droppings were purchased in dehydrated form (GuanoGali®, Terralba, Montjoire, France). The wet form was reconstituted by rehydrating the dehydrated form with distilled water to obtain a dry matter of 18% w/w. [30,31]. The wet form was stored at 4 °C.




2.3. Wheat Straw and Litter for Laboratory Assays


The wheat straw was sourced from a farm and ground to less than 4 mm with a cutting mill (Retsch SM300) (dry matter = 8% w/w). To reconstitute a poultry breeding litter representative at the level of the composition, texture, and dry matter, manual mixing was performed in the laboratory with a ratio of 1 part of wheat straw and 5 parts of wet poultry feces. This ratio makes it possible to approach the physico-chemical characteristics of poultry litter as described in the literature [8] (dry matter of the blend: 16% w/w). The amount of excreta in the litter increases during a grow-out period and corresponds with changes in the physical and chemical properties of the litter over time [32,33,34].



For the cattle breeding litter, a blend was made with liquid manure and fresh dung; based on 1:1 liquid manure:dung ratio. This ratio was adapted from the 2:3 urine:feces ratio produced by dairy cows [35,36]. A manual mixing similar to poultry breeding litter was performed.




2.4. Field Test: Cattle Production Facility and Effluent Treatment


A cattle dairy farm located in the Côte d’Armor, Brittany, France was used in this study and was equipped with two separate pits (each approximately 60 m long by 15 m wide by 2.5 m deep) that had slatted floors on top. The cattle (Holstein breed) were fed with a diet of silage maize, soybean meal, plus vitamins and minerals. One pit served as the control (untreated), and the other pit was treated. Each pit had an inspection hatch to collect the manure. Both pits were shaken by paddle once a week on the same day (e.g., every Wednesday in this study), by the end of the morning during one hour. At the beginning of the assays (February 2021), the two pits were almost full (about 700 m3 each) with slurry. At the surface of both pits, a floating solid crust composed of diet, straw, and dried slurry could be observed. The treated pit was treated with 700 kg of Actipost 360® (Timac Agro, Saint Malo, France), an additive based on minerals and microorganisms that helps to treat livestock manure. Another 70 kg dose was added in early March. The samples were taken in mid-March, by the visiting traps by means of a telescopic pole at a depth of 70–90 cm. Six replicates were collected from each pit. Samples were kept at 4 °C in airtight containers until analysis.




2.5. Volatile Organic Compounds Analysis by HS-SPME-GC-MS


Headspace-solid phase microextraction (HS-SPME) was performed using a multipurpose robotic autosampler (MPS, Gerstel, Mülheim, Germany). Volatile organic compounds (VOCs) were extracted from the headspace of 2.5 g of effluents (feces, slurry or mixes with straw) confined in a 20 mL glass vial (Verex headspace Vial, Phenomenex, Torrance, CA, USA). Samples were agitated at 250 rpm and pre-heated at 40 °C for 5 min, then extracted with a divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) SPME fiber (50/30 µm, Supelco, Millipore Sigma, Saint-Quentin-Fallavier, France) for 30 min. The agitation and the heating were maintained during the SPME. Prior to extraction, the SPME fibers were conditioned at 270 °C for 1 h.



GC-MS analyses were performed using an Agilent 7890B gas chromatograph (GC) system coupled with a 7000D triple quadrupole mass spectrometer (MS) (Agilent, Santa Clara, CA, USA). After extraction, the SPME fiber was desorbed in the GC inlet at 220 °C for 1 min. VOC separation was carried out on a DB-624 Ultra Inert column (length 60 m, ID 0.25 mm, film thickness 1.4 µm, Agilent) at a flow rate of 1.5 mL/min with helium (Purity 99.9999%) as carrier gas. The GC oven was set at 35 °C for 5 min, then increased to 100 °C at a rate of 10 °C/min and held for 1.5 min, then increased to 220 °C at a rate of 15 °C/min and held for 3 min, and increased to 230 °C at the end at the same rate and held for 10 min (total run time 34.67 min). The MS acquisition was performed in electron impact ionization (EI) mode at +70 eV in full scan, with a MS scan range of 30–400 m/z. The source temperature was set at 230 °C. Blanks were analyzed at the beginning and at the end of the run to verify contaminations from the laboratory air and the analytical system. Blanks were also analyzed between different sample matrices to prevent VOC carry-over on the SPME fiber.




2.6. Post-Acquisition GC-MS Data Processing


After acquisition, the GC-MS spectral data were processed using an open-source software, MS-DIAL [37]. The MS peaks in each sample were detected, deconvolved, identified, and aligned. The identification of VOCs was performed using the NIST17 mass spectra library with a m/z tolerance of 0.5 Da and identification score cutoff of 80%; for peak alignment, the retention time (RT) tolerance was set at 0.075 min. Samples were analyzed in triplicate for laboratory samples and in six replicates for the field samples. The heatmap was generated based on the mean VOC peak area using an online software, Morpheus (https://software.broadinstitute.org/morpheus accessed on 21 April 2021). The volcano plot was generated on the log2 value of the ratio of the treated sample versus the control and −log10 value of the p-value of the two-tailed unpaired t-test using VolcaNoseR [38].





3. Results and Discussion


3.1. Laboratory Test: VOC Profiling in Different Effluent Mixtures


Various manure samples were collected from the field and mixed according to the protocol described in the Materials and Methods to reconstruct different effluent mixtures of livestock farms or buildings: unmixed materials, intermediate mixtures, and final mixtures. In order to compare the different volatile molecules of the mixtures, HS-SPME-GC-MS analyses were carried out on each sample. The GC-MS data were then processed by MS-DIAL to quantify and identify the volatile compounds contained in each mixture. A mid-polar column (DB-624) was chosen for GC-MS analysis with the intention of covering most of the main VOC classes. The chromatograms of the unmixed materials and intermediate or final mixtures are compared in Figure 1. The majority of the VOCs detected in these samples eluted between 16 and 29 min, and mostly belonged to oxygenated compounds. The highest peaks analyzed in the cattle mixtures were phenol, cresol, and skatole; and in the chicken mixtures, phenol and indole. The main VOCs detected here are consistent with several other studies on animal effluents, especially swine manure [39,40,41]. In Figure 1a, it is clear that for the slurry and dung mixture, it was the slurry that produced the most VOCs compared to dung. When this mixture was added to straw, to reconstitute a dirty rearing litter, the chromatographic profile remained similar (Figure 1b). On the other hand, in Figure 1c, it is clear that mixing chicken droppings with straw substantially changed the chromatographic profile, especially with regard to the intensity of certain peaks being more significant than on the sample of droppings alone, for example, phenol and indole.



In total, 177 VOCs were identified, quantified, and then classified according to Ni et al. (2012) [19] (Table S1). The molecular family distributions of the effluent samples taken separately and mixed are shown in Figure 2. VOCs have been classified into 13 classes including hydrocarbons, oxygenated compounds (acids, alcohols, aldehydes, ketones, esters, phenolics, indoles), aromatics, amines, terpenoids, sulfur containing compounds, and halogenated compounds.



For materials of bovine origin (cattle dung in Figure 2a and slurry in Figure 2b), the classes of molecules were essentially the same, with the exception of a significant proportion of ketone present in the slurry, which was absent in the cattle dung. The main molecular classes of bovine fecal matter are in agreement with the classes found in the literature, with phenols, alcohol, aromatic compounds, indoles, halogenated compounds, hydrocarbons and ketones found in Laor et al. (2008), Kaikiti et al. (2021), Kammer et al. (2020), Ciganek et Neca (2008) [14,15,17,26], and more broadly in pig effluent studies [2,41]. The same molecular families have been found for chicken fecal matter (Figure 2c), which is consistent with the literature presented by Sánchez-Monedero et al. (2019) [42] and Dunlop et al. (2016) [8]. For straw alone (in Figure 2d), the detected volatile molecules were distributed mainly in the families of alcohols (23%), hydrocarbons (23%) ketones (20%), and terpenoids (6%). The proportion of alcohols and hydrocarbons was greater than for the fecal matter. Although the work of Beck et al. [43] showed that straw is not a very important emitting source of terpenoids (compared to sawdust), these molecules are known to be characteristic of plant sources and are found in straw and the silage on farms [44]. In addition, several VOCs from the terpenoid class have been detected in cattle dung and chicken droppings. The presence of terpenoids in cow dung may be a result of sample contamination during field collection by grass. The presence of terpenoids in poultry manure may be the result of the animals’ diet or contamination. The mixture of cattle feces and slurry (presented in Figure 2e) showed no significant difference in the distribution of molecules, and even the addition of straw (in Figure 2f) did not change this distribution. In general, the mixture of different materials (fecal matter, slurry and straw) did not fundamentally change the distribution of the different volatile molecular families detected by this technique.



Litter is a porous material and odorants will be released from the surface [45] but will also diffuse through the pores [46,47]. The release of odorants from litter is therefore complex and requires the consideration of gas exchange mechanisms and the physical properties of the litter [8]. It is therefore important to measure the VOCs of the rearing effluents in mixed conditions with the different materials constituting the litter. Indeed, an animal litter on a farm is not a stable system, and different factors influence its composition. Among these factors, we can mention the type of litter, the number of animals, the way of breeding (stall straw bed, deep litter…), the addition of additives by the breeder, the behavior of the animals, the breeder cleaning habits, etc. In addition, during sampling in a farm building, the sampling area (trough, feeder, resting area), the depth, the presence of the animals, and the activity of the farm can influence the representation of the samples.



For further investigation of the influence of different mixtures on VOC volatilization, a comparison was made for the evolution of the relative abundances of the 50 most abundant VOCs identified in different mixtures (Figure 3). The results show that when the mixture of bovine slurry and bovine dung is used, such an addition indicates a coherent molecular composition of a homogeneous mixture of the two materials. The mixture has the molecular characteristics of cattle slurry (cresol, 2-ethylphenol, 3-propylphenol, for example) and cow dung (dimethyl-2,6-dodecadiene, xylene, for example). Straw shows a very specific molecular profile in comparison to other samples, with a high presence of dodecane, heptacosan, 3-8-dimethylundecane, 1-hexanol, 4-propylcyclohexylamine, and 1-pentanol. The mixture of slurry, dung, and straw seemed to retain the majority of the molecules when compared to each part analyzed alone, but with less intensity. Chicken manure also showed a major molecular composition that different to the other samples, with the presence of sulfur molecules such as dimethyl trisulfide in high abundance, an aromatic ketone derivative (acetophenone), and a pyrazine derivative. After mixing with straw, there are many more VOCs detected compared to chicken droppings or straw alone. For example, indole, phenol, and benzene derivatives were emitted more strongly in the mixture sample. Dimethyl trisulfide was also found in the dropping mixtures and to a lesser extent the fragrant molecules of the straw.



The results show that the molecules found are in agreement with those cited in the literature. This method of sample preparation and rapid analysis makes it possible to control the various factors that can influence the release of VOCs from a litter. The results here show the feasibility of reconstructing effluent mixtures in the laboratory for VOC analysis, which will allow for the study of a higher number of experimental conditions in more reproducible analytical settings.




3.2. Field Test: VOC Profiling in the Treated and Untreated Dairy Slurry


To evaluate the applicability of the HS-SPME-GC-MS technique for offline VOC profiling in field tests, dairy slurry samples were collected from two pits on the same farm: one control and one treated with Actipost 360. Actipost 360 is a mineral based product combining clays with a source of marine calcium, which is further blended with a mixture of microorganisms and enzymes. The resulting combination of bacteria, enzymes, and minerals allows for better degradation of the organic matter present in the slurry, preventing the formation of a thicker crust. The lighter the crust on the surface of the pits, the better the aeration of the slurry, thus limiting the anaerobic processes that are responsible for unpleasant odors. It is also possible that the addition of exogenous bacteria and enzymes to slurry could lead to the creation of metabolic pathways that are involved in degrading specific molecules, but this is difficult to prove with the current state of knowledge.



Six samples were collected from each pit and analyzed by HS-SPME-GC-MS for their distribution of VOCs. The results of the GC analyses showed significant differences in the total VOC abundances between the treated and untreated slurry samples. An example of a chromatogram obtained with this method is presented in Figure 4. In the chromatograms shown in Figure 4a, it can be seen that the six samples taken from different areas of the same manure pit were analytically homogeneous. In the chromatograms shown in Figure 4b, the difference between the treated pit and untreated pit was visibly marked by the decreasing abundance of certain peaks.



In total, 73 VOCs were identified and quantified (Table S2). The main chemical families implicated in odorous emissions from the dairy manure or farm [48,49] were detected as follows: volatile aliphatic branched-chain fatty acids, nitrogen heterocycles (indole and scatole derivatives), and phenol. These compounds mostly stem from the catabolism of amino acids, either directly or after a series of secondary reactions. Another molecular type seemed to be highly detected: terpenoids (terpineol, limonene, cymene, etc.). These molecules are known to be found mainly in plant organs and tissue (flower, leaf, bark etc.). On a farm, they can come from silage [44], hay [50], litter and manure [25], and all this mixture can fall into the slurry pit, which is under the barn. These biomass fragments form a crust that floats on the surface of the slurry and can therefore be collected at the same time as the slurry sample.



To further investigate the type of volatile molecules varying between the untreated and treated pits, a volcano plot was generated using the two-tailed unpaired t-test (Figure 5). Significant differences were found between the treated slurry and untreated slurry. Figure 5 shows that terpenes such as cymene, limonene, terpinene, and terpineol were significantly decreased compared to the untreated pit. This difference may be due to the action of the Actipost 360 product on the degradation of the floating crust: in fact, bacteria and the oxygenation of a slurry pit can influence the production of VOCs [51]. A significant decrease was also observed for indole, phenol, and cresol. These molecules are the main VOCs responsible for odor nuisances on farms. Their threshold of odorous detection by humans is very low, and their smell reminds one of fecal matter, tar, rot… [8]. VOC analyses by HS-SPME-GC-MS can then be used as a tool to evaluate the potential production of odorous molecules from an effluent storage area. Owever, the perception of unpleasant odors in the environment is not only related to a molecule’s concentration in the air, but also to various factors such as wind, dust, the topography of places, etc. [14].




3.3. The Interest of HS-SPME-GC-MS for in Farm Effluent Analyses


The HS-SPME-GC-MS technique presents several advantages for the VOC analyses of the effluents. The extraction method is simple and economical: the SPME fiber is reusable and the extraction does not require a solvent. The sample preparation can be achieved by an automated robot coupled directly to the GC analyzer, enabling the analysis of a large number of samples. Moreover, the GC-MS analysis of volatile compounds provides high resolution and sensitivity. In this study, with 2.5 g of various effluent samples, more than a hundred volatile compounds were identified.



The current study shows that the analysis of VOCs in farm effluents, in either solid or liquid form, can be carried out using different approaches:



The first approach is to measure the VOCs from samples collected in the field and analyzed them by HS-SPME-GC-MS as they are or mixed with a substrate to reconstitute soiled bedding (for example, ground straw). This method makes it possible to measure VOCs without environmental bias and is easier and cheaper to implement. This work has also shown that laboratory pre-tests based on a specific preparation of samples (mixture of slurry and dung, mixture with straw etc.) is a good model to evaluate the production of VOCs and could lead to a predictive approach of the behavior of on-farm VOC production. Laboratory pre-tests can therefore be further developed as a model for predicting the waste effluent behavior in beddings and related VOC release in livestock production. Moreover, the laboratory pre-tests allow one to test a large number of experimental combinations (type of bedding materials, type of effluent, etc.). This analytical technique makes it possible to study the VOCs released in a faster and more targeted manner, which facilitates a better understanding of the various factors influencing this phenomenon.



The second approach presented in this study is to quickly analyze field samples that have been treated with additives. These studies sometimes require a specific material to analyze interesting parameters. The VOC extraction and analysis by HS-SPME-GC-MS allows for the specific tracking of molecules regardless of the layout of the infrastructure in the field. Therefore, HS-SPME-GC-MS analysis is an interesting method to quickly and specifically identify and compare monitoring markers for slurry pits as well as monitor the effectiveness of a treatment.





4. Conclusions


This study confirmed that farm effluents (cattle dung, cattle slurry, chicken droppings, mixtures, etc.) emitted numerous volatile organic compounds (VOCs). HS-SPME-GC-MS (headspace-solid phase microextraction-gas chromatography-mass spectrometry) has been demonstrated to be a suitable technique, which is fast and easy to manage, and can measure a broad spectrum of VOCs from samples directly taken in the field or reconstituted in the laboratory.
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	Ch
	Chicken droppings



	Ch + St
	Mix of chicken droppings and straw



	Du
	Cattle dung



	Du + Sl
	Mix of cattle dung and slurry



	Du + Sl + St
	Mix of cattle dung, slurry, and straw



	DVB/CAR/PDMS
	Divinylbenzene/carboxen/polydimethylsiloxane



	EI
	Electron impact ionization



	GC-FID
	Gas chromatography-flame ionization detector



	GC-MS
	Gas chromatography-mass spectrometry



	GC-MS-O
	Gas chromatography-mass spectrometry olfactometry



	HS-SPME
	headspace solid-phase microextraction



	MIMS
	Membrane inlet mass spectrometry



	PTR-Qi-TOF-MS
	Proton transfer reaction–quadrupole ion guide–time of flight–mass spectrometry



	PTR-MS
	Proton transfer reaction-mass spectrometry



	Sl
	Cattle slurry



	SPME
	Solid phase microextraction



	St
	Straw



	TD
	Thermal desorption



	TD-GC-MS
	Thermal desorption-gas chromatography-mass spectrometry



	VOCs
	Volatile organic compounds
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Figure 1. Comparison of the GC-MS chromatograms of different farm effluents. (a) Mix of cattle dung and slurry. (b) Mix of cattle dung, slurry and straw. (c) Mix of chicken droppings and straw. 1. Phenol. 2. Cresol. 3. Indole. 4. Methylindole. 
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Figure 2. Pie charts of the main VOC class distribution in different matrix. (a) Cattle dung. (b) Cattle slurry. (c) Chicken droppings. (d) Straw. (e) Mix of cattle dung and slurry. (f) Mix of cattle dung, slurry, and straw. (g) Mix of chicken droppings and straw. Only VOCs with an average peak area above 1E5 in each matrix were taken into account. 
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Figure 3. Heatmap showing the level of the 50 most abundant VOCs in different matrices. The color scale is relative to each row: white indicates the row minimum; black indicates the row maximum. VOCs were classified by hierarchical clustering. Du: Cattle dung; Sl: Cattle slurry; Ch: Chicken droppings; St: Straw; Du + Sl: Mix of cattle dung and slurry; Du + Sl + St: Mix of cattle dung, slurry, and straw; Ch + St: Mix of chicken droppings and straw. 
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Figure 4. Comparison of the GC-MS chromatograms of ACTIPOST 360 treatment in the manure pit. (a) Reproducibility of 6 samples collected at different spots from the same manure pit. (b) Comparison of samples from the ACTIPOST 360 untreated (control) and treated manure pits. 
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Figure 5. Volcano plot showing the differentially expressed metabolites in samples collected from the control or Actipost-treated manure pit. The threshold was set at a minimum change of 2-fold in metabolite abundance after Actipost treatment and a maximum p-value of 0.05 using a two-tailed unpaired t-test. 
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