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Abstract

:

This study aimed to determine the emissions of methane (CH4) and nitrous oxide (N2O) from seven Tunisian livestock species and their evolution over eleven consecutive years (2008–2018). The species of animals used were cattle (dairy and others), sheep, goats, camelids, horses, donkeys and mules, and poultry. The estimations of CH4 and N2O emissions were based on the Intergovernmental Panel on Climate Change (IPCC) guidelines for national inventories, using Tier 1 and Tier 2 approaches, with its default emission factors (EFs). The Tier 2 approach was applied only for the calculation of EF to estimate CH4 emissions related to livestock manure management. CH4 emission represented more than 92% of the total greenhouse gas (GHG) from livestock emissions. Moreover, 53% of the total CH4 emissions from livestock were derived from cattle, followed by sheep, goats, other mammals (camelids, horses, mules, and donkeys), and poultry. During the period covered by the study (2008–2018), a slight and continuous decrease of both livestock population and total GHG emissions was observed, mainly in terms of CH4. In mammals, CH4 emissions were greater than N2O emissions, whereas in poultry, N2O emissions were up to 2.6 times greater than CH4 emissions. The aggressive drive of the government to increase cattle and sheep production might affect CH4 emissions in the future. Therefore, periodic estimations of GHG emissions from livestock are required to follow the time trends for more rational decision-making regarding livestock and GHG emissions policies.
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1. Introduction


In many African countries, agriculture remains the largest economic sector. It supplies up to 50% of household food requirements and up to 50% of household incomes [1,2]. In Tunisia, about 20% of the population is employed in agriculture, which accounts for about 10% of the country’s gross domestic product, and about 10 to 12% of total exports [3,4]. As such, agriculture is essential for the overall economy. On the other hand, the agricultural sector (crop and livestock production) contributes globally to about 11% of global greenhouse gas (GHG) emissions, accounting for 5.4 Gt CO2e in 2012 [5]. About 60% of the total agricultural emissions are due to livestock emission sources. Enteric fermentation is considered the biggest contributor (about 63%) of livestock emissions, followed by manure management (12%) and application of dung and urine on pasture (25%) [5]. Other emissions related to livestock include energy use in livestock supply chains, GHG emissions in feed production, and emissions from land use changes [6]. While total GHG emissions from livestock production in developed countries as a whole have declined in recent decades, emissions in most developing countries have increased significantly [5] and are expected to increase in the coming decades. As a response to GHG emissions and their impact on climate change, Tunisia is expected to see an increase in droughts. This will particularly affect rain fed cereal farmland, which is expected to decrease from a current average land area of 1.5 million hectares to about 1 million hectares in 2030, i.e., a reduction of approximately 30% [7]. Likewise, in the event of successive extreme droughts, the land area used for cereal crops and arboriculture (mainly in regions in the centre and the south) will decrease by 200,000 and 800,000 hectares, respectively. Lastly, the livestock population would decrease by about 80% in the centre and the south, and 20% in the north, owing to the loss of grasslands and grazing areas. Tunisia is aware of these challenges and has carried out five complete GHG inventory operations in 1994, 2000, 2010, 2011, and 2012.



According to the last inventory, Tunisia’s GHG net emissions reached 32,600 Gg of CO2 equivalent (Gg CO2e) in 2012 [8,9]. CO2 was the major gas emitted (69%) followed by CH4 (21.9%) and N2O (7.9%). The energy sector was the largest contributor to net GHG emissions, with 27,023 Gg CO2e, representing 83% of the 2012 national net emissions. More than 90% of the emissions attributable to energy are due to combustion (92%) [8,9]. Given the relatively major importance of the agriculture sector in Tunisia [3], total GHG emissions from the agriculture, forestry, and other land use (AFOLU) sector in Tunisia in 2012 were 6568, 2636, and 1945 Gg CO2e as CO2, CH4, and N2O, respectively. However, some cultivated land (mainly olive groves and arboriculture) and forests contribute to the absorption of 14,028 Gg CO2 from the atmosphere. Therefore, although gross GHG emissions from AFOLU account for 24% (11,149 Gg CO2e) of the total emissions in Tunisia, overall, this sector is considered a net GHG absorber, with a final balance of minus 2900 Gg CO2e (negative emission indicating a net absorption of CO2) [8,9]. However, carbon sequestration is only in the form of CO2, so that regarding other GHGs, AFOLU contributes to 37% and 76% of the CH4 and N2O total emissions in Tunisia, respectively. As for the structure of GHG emissions within the AFOLU sector, livestock-related emissions account for 26% of agricultural GHG emissions, whereas the contributions from other agricultural activities were estimated as 32% from wood use (mainly wood-energy) and 26% from land use (mainly carbon losses in grasslands) [8,9]. Measurement of livestock GHG emissions and its evolution is relevant for the estimation of total GHG emissions [6,10]. Better characterization of livestock GHG emissions can assist scientists and policy makers in targeting solutions and design efforts to mitigate GHG emissions [10]. The national inventory of GHGs from Tunisia reported to the United Nations Framework Convention on Climate Change (UNFCCC) [8,9] does not specify which GHG emissions correspond to CH4 or N2O, and how these emissions can be assigned to each animal species farmed in the country. This information is required to identify gaps of knowledge to achieve more accurate estimations and issues that can be targeted to implement mitigation or adaptation measures. Generally, the estimation of GHG is based on 2006 Intergovernmental Panel on Climate Change (IPCC) guidelines [11] using Tier 1 or Tier 2 approaches. Wilkes et al. [6] reported that, among 140 developing countries, 119 use a Tier 1 approach, and only 21 countries use a Tier 2 approach. Tier 1 methodologies use fixed values for GHG emissions per head of livestock, so changes in total emissions are responsive only to changes in animal numbers and populations. However, Tier 2 methodologies require enhanced classification of different types of livestock and data on livestock weight, weight gain, feed digestibility, level of production, and other factors. Tier 2 methodologies are supposed to better capture the management of GHG emissions and to provide higher precision. In Tunisia, a developing country, to the best of our knowledge, there is no study carried out on the quantification of GHGs issued from the different livestock species. Therefore, the objective of our study was to calculate the GHG emissions, mainly CH4 and N2O, from the Tunisian livestock sector, estimating the emissions from each farm animal species (ruminants, camelids, equines, and poultry) using the Tier 1 and Tier 2 (when feasible) methods of the 2006 IPCC guidelines. The study used data from eleven consecutive years (2008–2018) in order to examine the trend in GHG emissions from livestock over this period. This would be the first comprehensive and differentiated assessment of emissions in the country, and may be a fundamental and initial step firstly to evaluate the reliability of the estimations and to identify the gaps in the assumptions made and the limitations in the calculations, aiming at refining the approaches used to improve the accuracy of such estimations. Secondly, once more reliable estimations are available, in the medium term, it could be possible to make decisions on the proposal of mitigation and adaptation strategies that could be implemented to reduce the environmental impact of GHG emissions.




2. Material and Methods


It is pertinent to mention that GHG emissions were estimated from the total domestic livestock species annually present in the whole country, irrespectively of region localization, climatic conditions, and production system.



2.1. Country Geographic Situation and Climatic Data


Tunisia is a North African country covering an area of 164,000 km2 with 1300 km of coastline on the Mediterranean Sea and about 11 million inhabitants in 2014. The country is located between longitudes 7° and 12° east and latitudes 32° and 38° north. The relatively high latitude of Tunisia within Africa and its geographical stretch from South to North conferred to the country the following climatic zones: humid to sub-humid in the extreme north; sub-humid to semi-arid in the northwest and the Cap Bon region; and semi-arid to arid in central Tunisia and desert in the south. Consequently, temperatures vary widely between regions. In the northern coastal region, average temperatures range from a minimum of 10 °C in the winter months (i.e., December–February) to a maximum of 27 °C in the summer months (i.e., June–August), while in the central-western and southern regions, temperatures range from 11 °C (in winter) to 32 °C (in summer). Thus, Tunisia is considered one of the most exposed countries to climate change in the Mediterranean area [12]. It faces risks associated with temperature increases, reduced precipitation, rising sea levels, and more frequent extreme weather phenomena (floods and droughts). During the last 30 years, the temperature has increased by an average of 0.4 °C per decade and, during the same period, the average annual precipitation has decreased by about 3%.




2.2. Estimation of Animal Population and GHG Emissions


For the livestock production sector, activity data present the head numbers of the different species/category of domestic livestock in Tunisia based on data provided by the Ministry of agriculture [4]. We identified the following species: cattle (dairy and non-dairy cattle), sheep, goats, camelids, equines (horses, mules and donkeys), and poultry.



Estimation of the average annual population (AAPT) corresponding to each animal species/category T was determined by the following equation:


    AAP  T  =     NDA  T    365   ×   NAPA  T   



(1)




where NDAT is the number of days alive and NAPAT is the number of animals produced annually of each species/category T.



2.2.1. Methane (CH4) Emissions


Estimation of CH4 emissions derived from enteric fermentation was based on the multiplication of numbers of livestock heads by the corresponding emission factors (EFs) provided by IPCC 2006 [11]. In our present study, estimation was carried out only at the Tier 1 level as there are a lack of advanced data to implement a specific Tier 2 methodology. The Tier 1 method can be applied for the livestock, except for cattle, where data issued from East Europe (dairy cows) and Latin America (other cows) were used. The general equation for estimating livestock methane emissions is as follows:


    CH  4  =   ∑  T      E  F   T    ×  N   T          10  6     



(2)




where CH4 is the emission of methane (Gg CH4.year−1) for a defined population, EF(T) is the emission factor for animal species/category T (kg CH4.head−1.year−1), and N(T) is the number of heads of livestock species/category T (AAPT from Equation (1)). Equation (2) was applied to calculate the annual CH4 emission derived either from enteric fermentation or from manure management. Emission factors used to calculate CH4 from enteric fermentation (EFenteric) for sheep, goats, equines (horses, donkeys, and mules), and camelids correspond to those proposed by IPCC [11] for developing countries (Table 1).



However, EF used to estimate CH4 emissions related to manure management of animals (EFmanure) was calculated following the Tier 2 method using Equation (3), and corresponding values are presented in Table 1:


  E  F   T    =   V  S   T    × 365   ×    B  O  T    × 0.67 ×   ∑   S , k       M C  F    S , k       100   × M  S    T , S , k          



(3)




where EF(T) is the emission factor of CH4 from manure management of animal category/species T (kg CH4.head−1.year−1); VS(T) is the daily amount of volatile solids excreted per animal of category T (kg dry matter.animal−1.day−1); 365 days per year−1 (the basis for calculating VS annual production); BO(T) is the maximum capacity of CH4 production from manure produced by animal category T (m3 CH4. kg−1 VS excreted); 0.67 kg m3 is a conversion factor of m3 CH4 to kg CH4; MCF(S,k) is the methane conversion factor (%) for each manure management system S in the climatic region k; and MS(T,S,k) is the fraction (%) of total manure from each animal category T handled using manure management system S in the climatic region k. The value for factor MCF(S,k) was 1.5%, as proposed by IPCC [11], for regions where the average annual temperature is 24 °C and excretions of animals waste on pastures are not managed.




2.2.2. N2O Emissions from the Manure Management


Nitrous oxide is either produced directly in manure by nitrification and denitrification processes, indirectly by nitrogen volatilization as ammonia and further deposition, and by manure nitrogen lixiviation. N2O emissions were calculated according to the IPCC Guidelines [11] as follows:




Direct N2O Emissions from the Manure Management (N2OD (MM))


Direct N2O emissions from manure management (N2OD(mm)) were calculated according to the following equation:


   N 2   O  D   m m     =     ∑  S      ∑  T     N   T    × N e  x   T    × M  S    T , S         × E  F   S      ×   44   28    



(4)




where N(T) is the number of animals of species/category T (AAPT from Equation (1)); MS(T,S) is the fraction of total annual nitrogen excretion for each animal species/category T that was processed with manure management system S (dimensionless, as proposed by [11], these values for each animal category were assumed to be equal to the fraction of manure from a livestock category with the manure management system in a climatic region (MS(T,S,k)) already provided in Table 1); and Nex(T) is the annual average nitrogen excretion per head of animal species/ category T (kg N.head−1.year−1), calculated as follows:


  N e  x   T    =  N  r a t e  T    ×   T A M   1000   × 365  



(5)




where Nrate(T) is the default nitrogen excretion rate (kg N.(1000 kg animal mass)−1.day−1), and TAM is the typical animal mass for animal category T. Both values are provided in the IPCC 2006 Guidelines [11]. The values of the Nex(T) for animals in developing countries are listed in Table 2. EF(S) is the default emission factor for direct N2O emissions from manure management system S (Table 2); 44/28 is the conversion of N2O-N emissions to N2O emissions.



Indirect N2O Emissions due to N Volatilization during Manure Management (N2OM (MMS))


   N 2   O  G   m m     =    N  v o l a t i l i s a t i o n − M M S   × E  F  M M S     ×   44   28    



(6)




where N2OG(mm) is the indirect N2O emission due to N volatilization during manure management in kg N2O.year−1, EFMMS is the default emission factor for indirect N2O due to N volatilization during manure management from manure management system S (the corresponding default emission factor value is 0.01), and Nvolatilization–MMS is the N losses due to volatilization during manure management in system S and determined according to Equation (7), and values are given in Table 2:


   N  v o l a t i l i s a t i o n − M M S   =   ∑  S      ∑  T       N   T    × N e  x   T    × M  S    T , S       ×       F r a  c  G a s M S     100         T , S          



(7)




where FracGasMS is the percentage (%) of manure nitrogen for animal species/category T, which volatilizes as NH3 and NOx in manure management system S.





2.3. Calculation


The national inventory of Tunisian greenhouse gas emissions/removals was conducted in accordance with IPCC 2006 Guidelines [11] and covered all the direct gases listed by these guidelines. It also included indirect gases, referenced in EMEP (European Monitoring and Evaluation Programme)/EEA (European Environment Agency) air pollutant emission inventory guidebook.



The emissions are presented in original units (Gigagrams, Gg) for all direct and indirect gases, but are also expressed in Gg CO2 equivalent (Gg CO2e), for all direct gases, by converting these direct gases according to their global warming potential (GWP). The GWPs used for direct GHGs in inventory development are assumed to be 25 for CH4 and 298 for N2O [13].





3. Results


3.1. Livestock Population Distribution


Analysis of recent surveys along the studied period (2008–2018) indicates a large diversity in the composition of the national livestock population (Table 3). Poultry accounts for more than 20 million heads in 2018, mainly from broilers (50%). For the remaining population categories, sheep are the most dominant species, with an average of 6.5 million, followed by 1.2 million goats, 401 thousand dairy cattle, and 234 thousand other cattle in 2018. Camelids and equines (horses, donkeys, and mules) represent 214 thousand (2018). It is pertinent to also mention that, within cattle species, dairy cattle are the most dominant and account for 65%.



Except for poultry, the total numbers of all animal categories have generally followed a slight decrease ranging between 11% (dairy cattle and sheep), 21% (other cattle), and 20% (goats) from 2008 to 2018. During the same period, poultry recorded an increase of about 34%.




3.2. Total Greenhouse Gas Emissions (GHGs)


As depicted in Figure 1, total GHG emissions from Tunisian livestock decreased from 3076 Gg (CO2e) in 2008 to 2695 Gg (CO2e) in 2018. A continuous decrease was observed from 2008 to 2013 (6.6%) and from 2016 to 2018 (7.3%).



More than 50% of the total GHG emissions were from cattle (Figure 2), followed by sheep (32%), goats (7%), camelids (3%), others (3%), and poultry (1%).




3.3. Methane Emissions


Figure 3 shows the estimated CH4 emissions from Tunisian livestock farming. CH4 represents about 92% of the total GHGs. Total CH4 emissions in 2008 were 113 Gg, or 2832 CO2e (Figure 3) as determined using GWP for a 100-year time horizon from IPCC 2006 [11]. A steady decrease in total CH4 emissions was observed from 2008 onwards, so that emissions in 2018 were 13% lower than those estimated in 2008, mainly due to the decrease in CH4 from enteric fermentation (Figure 3). It is worth mentioning that about 85% of the total CH4 produced comes from enteric fermentation.



Cattle (dairy and others) and small ruminants (sheep and goats) are the first animal species producers of CH4, participating with more than 52% and 40% of the total CH4 emissions, respectively (Figure 4); these were followed by camelids and equines (horses, donkeys, and mules), which participated with less than 1% from the total CH4 emissions. CH4 emissions from poultry are considered negligible.



The same ranking was observed in CH4 derived from the enteric fermentation (Figure 5), as it represents the largest part of GHG emissions. The CH4 emissions are estimated at 78, 46, 5, and 5 kg CH4.head−1.year−1 for cattle, sheep, goats, and camelids, respectively.




3.4. Nitrous Emissions


Total nitrous emissions (direct and indirect N2O) were low (<250 Gg CO2e) and rather invariable within a narrow range during the studied period (Figure 6). They represent about 8% of the total GHG. Moreover, direct N2O emissions from manure represent about 60% of the total nitrous emissions.



Cattle (dairy and others) contribute with more than 50% of the total N2O emissions (Figure 7), followed by small ruminants (>30%), poultry (>10%), and other species (<4%).





4. Discussions


4.1. Total GHG Emissions from Tunisian Livestock


It is well established that livestock production contributes up to 14.5% of the world’s annual anthropogenic GHG emissions [14,15]. From the calculations used in our study, it can be estimated that livestock emissions would contribute to 37% of the total CH4 and to 10% of the total N2O emissions reported in the last inventory of gross and net GHG emissions in Tunisia in 2012 [8,9]. Our estimations show some inconsistencies with the Tunisian 2012 GHG inventory [8,9], because these values unrealistically represent 100% and 12% of the CH4 and N2O emissions attributed to Tunisian AFOLU in 2012 [8,9], indicating that our CH4 emissions may be overestimated and N2O emissions underestimated when compared with the values communicated in 2012. It may be too speculative to conclude which values reflect reality more accurately, and the inconsistency should be interpreted considering the most likely different methods used for the estimations (not described in the 2012 inventory). Nevertheless, it seems clear that livestock is a main contributor to CH4 and a minor contributor to N2O total and AFOLU emissions in Tunisia.



GHG emissions derived from Tunisian livestock varied slightly, decreasing from 3076 to 2695 Gg CO2e during the studied period (2008–2018). A continuous decrease of about 7% was noted between 2008–2013 and 2015–2018. This trend was expected as the size of the animal stock decreased in the same period (Table 3). Therefore, this declining trend has to be interpreted carefully because GHG emissions were based exclusively on the average annual population of each animal category, and other factors may influence the volume of the emissions. As animal production systems become more intensive, the animal numbers are decreased, but the feed intake and the amount of product obtained per head are increased, so it can be expected that the volume of gas emitted per animals will also be also increased. Therefore, the emission factors should be adjusted, introducing the likely impact on the total estimations of the weight of intensification of animal production on individual gas emissions.



Data reported from other countries show that emissions are directly related to the total livestock stock and agricultural production systems, thus emissions of 24,700 Gg CO2e have been estimated in India [16], of 13,046 Gg CO2e in Algeria [17], and of 12,000 Gg CO2e in Vietnam [18]. The estimations also depend on the IPCC emission factors applied for each animal species in each studied country. It is also pertinent to mention that GWP of CH4 and N2O over one 100-year time horizon differs between the IPCC 1997 [19], IPCC 2013 [20], and UNFCCC [13]. In our study, IPCC 2006 [11] was followed as it is most commonly used in the literature for estimating livestock GHG emissions. The warming potential of CH4 was 25 CO2e, while N2O was 298 CO2e. These GWPs are lower than those considered by the latest IPCC 2013 [20], of 34 CO2e for CH4 and 310 CO2e for N2O. The UNFCCC [13] stated that CH4 emissions have a GWP of 21 CO2e and N2O of 310 CO2e over a 100-year time horizon.



Moreover, a detailed analysis of our estimations in Tunisia indicates a mosaic in livestock composition, and it is expected that GHG emissions would show a large variability between animal species (Figure 2). Among categories, poultry followed by sheep and goats were the species with the higher number of individuals. Even though, cattle (dairy and other categories) are the highest contributors (>50%) to GHG emissions (as expected considering the mass per animal, the number of animals in the country, and their rumination CH4 emissions), followed by sheep (32%), goats (7%), camelids (7%), equines (horses, donkeys, and mules; 7%), and poultry (<2%). In line with our results, Gerber et al. [14] reported that beef and dairy cattle, accounting for 65% of the total livestock, are the species that produce the highest GHG emissions. Chhabra et al. [16] found that bovine (cattle and buffaloes) are the predominant contributors with 91% of GHG emissions in India, owing to their huge population in this country, followed by sheep, goats, and others. Likewise, a study conducted in Indonesia [21] reported that cattle are the major contributors to GHG emissions during the 2005–2015 period. However, a study published by Sallaye [17] in Algeria revealed that sheep were the first contributors to GHG emissions in that country, followed by dairy cattle, goats, and camelids. This could be due to the large population of Algerian sheep as compared with the other animal species.



Emission factors are a very critical element to the accuracy of the estimations in the calculations of emission per animal and could explain some of the variation among results reported in the literature. As compared with other animal species, the relatively high emissions derived from cattle, sheep, and goats could be explained by the prevalence of CH4 emissions from ruminal microbial fermentation, the imbalanced rations coupled with the low nutritive value of the feed available, as well as the lower efficiency and productivity of these animals in developing countries as compared with non-ruminants. This may be, probably, due to an excessive loss of nutrients, energy, and organic matter [11]. Therefore, GHG emissions from livestock farming seem to also be dependent on some external factors such as feeding practices, housing systems, and manure management systems [14,15,18]. In this context, it is suggested that, in order to obtain more accurate emissions’ estimations, there is an urgent need to get a characterization of each animal species, livestock production system, data on the feed and ration composition for each animal species, and proportions of produced manure in each management system. Actually, these data are not currently well documented for emissions’ inventory purposes in Tunisia. Improving the quantity and quality of databases and research related to livestock farming would be a useful tool to enhance emissions’ monitoring in the livestock sector.




4.2. Methane Emissions


For ruminants, methanogenesis in the rumen is an essential metabolic process to maintain a steady state of fermentation as it scavenges the molecular hydrogen generated mainly during the carbohydrate fermentation process. CH4 is a natural by-product of the ruminant digestion process, acting as a hydrogen sink. Ruminal methanogenesis is influenced by animal species, age, management, and mainly by the quality and quantity of feedstuffs administered to the animals. The CH4 production resulting from enteric fermentation contributes about 20% of the total global CH4 [15,22]. It is well established that the countries with the highest contribution of CH4 emissions related to livestock production are India, China, Brazil, and the United States [23,24,25].



In our study, GHG emissions from Tunisian livestock were mainly as CH4 (92%) as compared with N2O (8%) (Figure 3). Chhabra et al. [16] reported total GHG emissions from Indian livestock of about 247,200 Gg CO2e, with CH4 representing 99.8% and N2O emissions only 0.2%. Similarly, Moeletsi et al. [26] reported a high contribution (>90%) of CH4 emissions versus N2O (10%) from the South African livestock. The relative contribution of each gas to the total emissions may differ slightly owing to differences among countries in the livestock numbers or in the farming and manure management practices and, therefore, in the emission factors used in each case. In this study, dairy cattle were the highest contributors to total CH4 production (40%), followed by sheep (34%), other cattle (13%), goats (7%), and camelids (4%). However, a study on Algerian livestock’s GHG emissions [17] reported that sheep, the most important livestock in that country, were the highest contributors of CH4 produced from enteric fermentation (53%), followed by dairy cattle (29%), goats (9%), and camelids (6%). The amount of CH4 emissions depends not only on the number of animals of each species, but also on other factors such as ruminant breed, type of production (dairy or meat), diet quality influencing ruminal microbiota and fermentation processes [15,27], and production systems and regional characteristics (e.g., climate and landscape) [11]. In this context, Food and Agriculture Organization (FAO) [28] reported that confined systems would increase CO2 emissions because of greater fossil fuel use and relatively less use of solar energy. In Tunisia, 40% of total milk, 20% of red meat (mostly cattle), and more than 80% of white meat and eggs (poultry) are produced in intensive systems. Moreover, higher individual CH4 emissions were recorded in cattle (78 kg.year−1.head−1), followed by camelids (46 kg.year−1.head−1), equines (horses, donkeys, and mules: 16 kg.head−1.year−1), sheep (5 kg. head−1.year−1), and goats (5 kg. head−1.year−1). Lower emissions were recorded in developed countries [29], where the average individual CH4 emissions were reported to be 55, 50, 8, and 5 kg.head−1.year−1 for cows, buffalo, sheep, and goats, respectively. Negligible emissions of CH4 (0.4%) are expected from poultry, being generated mostly from manure management. In Africa, it is estimated that CH4 emissions will increase by about 42% in 2030 (11,100 Gg of CH4.year−1) as compared with production in 2000 (7800 Gg of CH4. year−1). This is related to the expected increase in the livestock population owing to the increasing demand for foods of animal origin. If such a positive correlation between livestock population and CH4 emissions follows continuously, it would be expected that global CH4 emissions would increase by 60% by 2030 [30]. Reports from FAO [28,31] have revealed that, worldwide, enteric fermentation and manure storage emissions have been increasing for the main livestock species. Nevertheless, the adoption of suitable feeding practices and comprehensive manure and nutrients’ management could significantly reduce methane emissions [32,33].



During the animal digestive process, the enteric fermentation converts the ingested feed into digestible feed and releases CH4 through belching [24,34]. Therefore, this end product is considered as an energy loss [15,22] and represents the second-largest source of emissions (39% in the total GHG) after feed production and processing, followed by manure storage (10% of the total GHG) and processing and transportation of animal products (6%). In our study, enteric fermentation accounted for 85% of the total CH4 emissions, predominately generated from cattle and sheep. These emissions could be reduced if feed composition, feed intake, and feed energy content are modified [35,36] by formulating rations that are more balanced or using feed additives. In line with these suggestions, Dourmad et al. [37] and Yan et al. [38] suggested that increasing the feed energy value could reduce methane emissions.



Contrary to the high contribution from enteric fermentation, manure management accounted only for 7% of total GHGs and 15% of total CH4 livestock emissions, ranging from 181 to 200 Gg CO2e during the studied period (2008–2018). Similar importance of enteric fermentation was observed earlier on Indian [16] and Algerian [17] livestock. The results reported on GHG production from Vietnam’s livestock [18] revealed that CH4 emissions from enteric fermentation and manure management were at the same order of magnitude.



On the other hand, it is pertinent to note that bovines, particularly dairy cattle, contributed the bulk of the methane emission from enteric fermentation (52%), followed by sheep (35%), goats (6%), and camelids (3%). The main reason for the highest emissions issued from cattle, mainly dairy cattle, recorded in our present study is attributed to the high population of this species coupled with a relatively high EF used (89 kg.head−1.year−1 for dairy cattle and 63 kg.head−1.year−1 for non-dairy cattle). Truong et al. [18] noted a large contribution of cattle CH4 from enteric fermentation. Moeletsi et al. [26] found that, in South Africa, methane from enteric fermentation in dairy cattle contributed less to the total methane emission than non-dairy cattle and sheep. It appears, therefore, that EF is a critical element to the accuracy of estimations in emissions’ inventory.



Patra [39] and Moeletsi et al. [26] estimated enteric CH4 emissions using Tier 1 methodology in India and South Africa, respectively, and obtained rates of animal contributions that are widely different from those reported in the current study. Such differences could be due to the animal species and herd composition, and the approach followed for the calculation. In this context, Moeletsi et al. [26] reported that, as compared with Tier 1 methodology, utilization of country-specific emission factors gave rise to an increase of total CH4 emissions from enteric fermentation by about 37%. It appears, therefore, that the uncertainty in the Tier 1 method is high [40]. This would be expected if we bear in mind that the emission factors are not based on country-specific conditions, and the activity data used in this approach include data from non-intensive agricultural countries [6,40]. However, in developed countries, the IPCC default values can overestimate emissions of some sections of the livestock population [40,41]. Considering these variations and discrepancies, IPCC has encouraged the derivation and use of specific-for-purpose emission factors to provide more accurate estimations of the emissions from each country [41].




4.3. Nitrous Oxide Emissions


Besides methane, Tunisian livestock also contributed a small amount of annual N2O emissions, ranging between 224 (2008) and 243 Gg CO2e (2018), which can have some impact on the total GHGs. Nitrogenous emissions, as compared with enteric CH4, are considered low and are usually neglected. If we bear in mind that the GWP of this compound is more than ten times greater than that of CH4, then even a small amount should not be disregarded.



Moreover, our results indicated that cattle contributed almost 60% of the total N2O emissions, followed by sheep (<30%), poultry (<8%), goats (<8%), and the other species (<4%). In South, Southeast, and East Asia, the inventories for N2O and CH4 emissions from animal farming revealed that cattle, compared with other animal species, were the highest producers of CH4 (56%) and N2O (30%). Chhabra et al. [16] estimated that poultry was the first contributor (86.1%) to the total N2O emissions, followed by pigs (7.3%), indigenous cattle (5.7%), and exotic cattle (1.0%). Similarly, Truong et al. [18] reported that poultry accounted for the largest share of N2O emissions (60%), followed by pigs (26%).



Differences among countries can be attributed to the different environmental conditions, herd size of each animal species, type and duration of waste management, and husbandry systems in each country [15,18]. In this context, Rotz [36], Dourmad et al. [37], and Dijkstra et al. [42] suggested that the amount of N2O emissions might be related to the nitrogen concentration in the diet and the dry matter ingested by the animal. The efficiency of feed conversion into animal products depends on the relative contributions of maintenance and production to the total requirement [37]. When animal production level is low, maintenance contributes more, resulting in more feed required per kg product and, consequently, in higher relative emissions. In meat-producing animals, the efficiency is also affected by the composition of the meat, as fat deposition requires more energy than protein retention in lean tissues [37].




4.4. Mitigation and Adaptation Plan Undertaken by the Government


Tunisia is aware of the impact of GHG emissions on the climate crisis and has adopted a proactive policy in terms of both mitigation and adaptation. One of the objectives of this policy is to implement nationally appropriate mitigation actions (NAMAs) in the livestock sector. With the support of several international organizations (United Nations Development Programme (UNDP), Global Environment Facility (GEF), German cooperation), a number of NAMA initiatives have been launched in Tunisia and are at various stages of development. As part of the baseline and mitigation scenarios determination, 2010 was defined as the reference year, and 2030 as the horizon year. The mitigation objective requires a total investment of up to 17.5 billion U.S. dollars over the period 2015–2030, with 85% of this amount allocated for the energy sector and 5% for the livestock sector. In the agricultural sector, preliminary actions aiming at GHG mitigation include promotion of biological agriculture and reduction of pollution caused by the use of chemical fertilizers in excess in some intensive crops, stepping up the role of legumes in arable land, and the conservation and planting of biomass. GHG mitigation options related to animal management include the improvement of animal genetics, fertility, feeding, animal health, and longevity. Appropriate inventories of GHG emissions from each animal species farmed are required for all these measures to be effective. Given the new political environment of many countries and increased expectations of local communities, a general orientation to systematically focus on accessible or feasible adaptation options at low cost is necessary [6,35]. A series of adaptation measures have been undertaken, including adapting irrigated crops in the central regions, adapting mixed farming-livestock production to climate change in vulnerable regions, and updating the agricultural map to take into account the impacts of climate change. Other measures include the introduction of a climate monitoring and early warning system, an insurance mechanism against climatic hazards due to climate change, conserving and exploiting genetic heritage to adapt cereal crops to climate change, and developing innovative methods for arable crops.





5. Conclusions and Perspectives


This study revealed that, among the main livestock species farmed, cattle followed by small ruminants were responsible for the largest share of CH4 livestock emissions in Tunisia. Other species (equines and poultry) had a combined contribution of less than 2%. The critical influence of the values assumed for each emission factor reveals that there is a need for more accurate coefficients, specific for each geographic region or for identifiable farming systems. Hence, there are urgent needs to understand the various factors affecting the variability in enteric CH4 production, to reduce the uncertainty in GHG emission inventories, and to identify viable strategies for GHG reduction from livestock. A slight decline in GHG emissions from livestock has been observed in Tunisia from 2008 to 2018, concurrently with the decrease in the average population numbers of ruminants and equines, the main contributors to methane emissions. The estimation of GHG emissions is based exclusively on animal numbers, not taking into account that emissions per head can be increased as animal productivity is improved. In the future, worldwide emissions are expected to increase substantially as a response to an increasing demand for animal products. This can only be achieved by increasing animal productivity, even though the number of animals farmed is not increased or is even decreased slightly, as in Tunisia. These aspects need to be considered to refine the factors used for estimating GHG emissions more accurately, and priority should be given to creating an appropriate database for GHG inventory to facilitate the study of livestock contribution to GHG emissions. Once a more reliable inventory of GHG emissions from livestock is available, the formulation of appropriate adaptation and mitigation options with low costs for the agricultural sector is urgently required to be ready for adoption by farmers. In a broad sense, options for the mitigation of GHG emissions from the agricultural sector can be seen from the supply side as well as from the demand side. For supply-based measures, strategies lead to an increase in net GHG efficiency of agricultural production. These measures can be further defined as either technical or structural options. Whereas technical options reduce agricultural emissions using technologies such as anaerobic digesters, feed supplements, and soil nitrogen inhibitors, structural measures usually refer to more fundamental improvements such as a transition towards high-intensity management systems or relocation of production across regions. For demand-based measures, these options aim to reduce consumption of GHG-intensive products and at the reduction of waste. The improvement of animal productivity was also planned by the society as an efficient way to increase the production of animal products and meet the increasing local demand, without increasing the use of land or the emission of GHGs. Some other mitigation options, such as the use of feed additives in animal nutrition or of additives to enhance composting or for manure treatment, can be explored as an efficient strategy that may significantly reduce the GHG emissions per-unit-of-product footprint.
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Figure 1. Evolution of total greenhouse gas emissions (CH4 and N2O) from the total Tunisian livestock (Gg CO2e) throughout the studied period (2008–2018). 
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Figure 2. Evolution of the total gas emissions (Gg CO2e) by the different animal species/category from Tunisian livestock during the studied period (2008–2018). 
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Figure 3. Evolution of the total CH4 emissions (Gg CO2e) from total Tunisian livestock derived from either enteric fermentation or manure management during the studied period (2008–2018). 
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Figure 4. Evolution of total CH4 production (Gg CO2e) by the different animal species/category from Tunisian livestock during the studied period (2008–2018). 






Figure 4. Evolution of total CH4 production (Gg CO2e) by the different animal species/category from Tunisian livestock during the studied period (2008–2018).



[image: Agriculture 10 00562 g004]







[image: Agriculture 10 00562 g005 550] 





Figure 5. Evolution of CH4 emissions (Gg CO2e) issued from the enteric fermentation by the different animal species/category from Tunisian livestock during the studied period (2008–2018). 
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Figure 6. Evolution of direct and indirect N2O emissions (Gg CO2e) from Tunisian livestock during the studied period (2008–2018). 
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Figure 7. Evolution of N2O emissions (Gg CO2e) by the different animal species/category from Tunisian livestock during the studied period (2008–2018). 
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Table 1. Emission factors corresponding to methane (kg CH4.head−1.year−1) issued from enteric fermentation (EFenteric) and manure management (EFmanure), volatile solids excreted daily (VS, kg dry matter.animal−1. day−1), the maximal capacity of methane production from manure produced (BO, m3 CH4.kg−1 VS excreted), and manure fraction (MS(T,S,k)) values for different animal species/categories. [11].
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Animal

	
Cattle

	
Sheep

	
Goats

	
Equines

	
Camelids

	
Poultry




	
Species

	
Dairy

	
Others

	
Horses

	
Donkeys/Mules

	
Laying

	
Broiler

	
Turkey






	
EFenteric

	
89

	
58

	
5

	
5

	
18

	
10

	
46

	
0

	
0

	
0




	
EFmanure

	
9

	
4

	
0.22

	
0.24

	
0.97

	
2.1

	
4.1

	
0.01

	
0.02

	
0.09




	
VS

	
4.5

	
2.7

	
032

	
0.35

	
1.72

	
0.94

	
2.49

	
0.01

	
0.02

	
0.07




	
BO

	
0.24

	
0.17

	
0.13

	
0.13

	
0.26

	
0.26

	
0.21

	
0.36

	
0.39

	
0.36




	
MS(T,S,k) (%)

	
75

	
75

	
25

	
25

	
90

	
5

	
5

	
100

	
100

	
100








VS and BO values correspond to those of the following: East Europe for dairy cows; Latin America for other cattle; to developing countries for sheep, goat, horses, donkeys and mules, and camelids; to developed countries for poultry; MS(T,S,k) = fraction of manure from livestock category T treated using the manure management system S in climatic region k.
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Table 2. Nitrogen (N) emissions per animal type (kg N.head−1.year−1) [11].
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Animal

	
Cattle

	
Sheep

	
Goats

	
Equines

	
Camelids

	
Poultry




	
Species

	
Dairy

	
Others

	
Horses

	
Donkeys/Mules

	
Laying

	
Broiler

	
Turkey






	
Nrate(T)

	
0.35

	
0.35

	
1.17

	
1.37

	
0.46

	
0.46

	
0.46

	
1.1

	
0.82

	
0.74




	
TAM

	
550

	
391

	
28

	
30

	
238

	
130

	
217

	
0.9

	
1.8

	
6.8




	
Nex(T)

	
70.26

	
49.95

	
11.96

	
15.00

	
39.96

	
21.83

	
36.43

	
0.36

	
0.54

	
1.84




	
N2OD(mm)

	
0.41

	
0.29

	
0.02

	
0.03

	
0.28

	
0.01

	
0.01

	
0.001

	
0.001

	
0.003




	
Nvolatilization-MMS

	
15.81

	
16.56

	
0.36

	
0.45

	
4.32

	
0.13

	
0.22

	
0.14

	
0.30

	
0.73




	
FracGasMS (%)

	
30

	
45

	
12

	
12

	
12

	
12

	
12

	
40

	
55

	
40








Nrate(T): default N excretion rate per day (kg N.1000 kg−1 animal mass.day−1); TAM: typical animal mass for an animal of type T (kg.animal−1); Nex(T): annual average N excretion per head of animal category T per year (kg N.head−1.yr−1); N2OD(mm): direct N2O emissions from manure management; Nvolatilisation-MMS: losses due to volatilization during manure management in the system S; FracGasMS (%): percentage of nitrogen manure managed for animal species/category T, which is volatilized as NH3 and NOx in manure management S.













[image: Table] 





Table 3. Average annual animal population (thousands) in Tunisia during the studied period (2008–2018). Based on data provided by the Tunisian Ministry of Agriculture [4] and applying Equation (1).
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Animal Species

	
Cattle

	
Sheep

	
Goats

	
Equines

	
Camelids

	
Poultry




	
Dairy

	
Others

	
Horses

	
Donkey/Mules

	
Broiler

	
Laying

	
Turkey






	
2008

	
449

	
246

	
7301

	
1496

	
25

	
172

	
84

	
7536

	
6387

	
1654




	
2009

	
443

	
239

	
7362

	
1455

	
24

	
168

	
82

	
7796

	
6358

	
1934




	
2010

	
440

	
231

	
7234

	
1296

	
23

	
164

	
80

	
8662

	
6214

	
2278




	
2011

	
430

	
226

	
6999

	
1282

	
23

	
164

	
80

	
8269

	
6200

	
1993




	
2012

	
427

	
228

	
6802

	
1272

	
23

	
164

	
80

	
9766

	
6332

	
2888




	
2013

	
424

	
222

	
6856

	
1274

	
22

	
156

	
78

	
10,649

	
6725

	
2851




	
2014

	
438

	
234

	
6806

	
1248

	
22

	
148

	
76

	
11,307

	
7418

	
3059




	
2015

	
450

	
231

	
6490

	
1162

	
21

	
139

	
78

	
11,807

	
9797

	
2917




	
2016

	
458

	
228

	
6486

	
1199

	
21

	
130

	
80

	
10,899

	
7431

	
2811




	
2017

	
437

	
209

	
6406

	
1185

	
20

	
120

	
81

	
10,836

	
7350

	
2892




	
2018

	
401

	
194

	
6470

	
1197

	
20

	
111

	
83

	
10,993

	
6866

	
3033
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