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Abstract: Greenhouse gas (GHG) emissions from the surface soils and surface water receiving animal excreta 
may be important components of  the GHG balance of  terrestrial ecosystems, but the associated processes are 
poorly documented in tropical environments, especially in tropical arid and semi-arid areas. A typical 
sylvo-pastoral landscape in the semi-arid zone of  Senegal, West Africa, was investigated in this study. The study 
area (706 km² of  managed pastoral land) was a circular zone with a radius of  15 km centered on a borehole 
used to water livestock. The landscape supports a stocking rate ranging from 0.11 to 0.39 tropical livestock units 
per hectare depending on the seasonal movements of  the livestock. Six landscape units were investigated (land 
in the vicinity of  the borehole, natural ponds, natural rangelands, forest plantations, settlements, and enclosed 
plots). Carbon dioxide (CO2), nitrous oxide (N2O) and methane (CH4) fluxes were measured with static 
chambers set up at 13 sites covering the six landscape units, and the 13 sites are assumed to be representative of  
the spatial heterogeneity of  the emissions. A total of  216 fluxes were measured during the one-year study 
period (May 2014 to April 2015). At the landscape level, soils and surface water emitted an average 19.8 t 
C-CO2 eq/(hm²•a) (CO2: 82%, N2O: 15%, and CH4: 3%), but detailed results revealed notable spatial 
heterogeneity of  GHG emissions. CO2 fluxes ranged from 1148.2 (±91.6) mg/(m²•d) in rangelands to 97,980.2 
(±14,861.7) mg/(m²•d) in surface water in the vicinity of  the borehole. N2O fluxes ranged from 0.6 (±0.1) 
mg/(m²•d) in forest plantations to 22.6 (±10.8) mg/(m²•d) in the vicinity of  the borehole. CH4 fluxes ranged 
from –3.2 (±0.3) mg/(m²•d) in forest plantations to 8788.5 (±2295.9) mg/(m²•d) from surface water in the 
vicinity of  the borehole. This study identified GHG emission “hot spots” in the landscape. Emissions from the 
surface soils were significantly higher in the landscape units most frequently used by the animals, i.e., in the 
vicinity of  the borehole and settlements; and emissions measured from surface water in the vicinity of  the 
borehole and from natural ponds were on average about 10 times higher than soil emissions. 
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1  Introduction 

Climate change is among the most pressing challenges facing humanity today. It is now widely 
accepted that the concentrations of greenhouse gases (GHGs) have risen at unprecedented rates 
since the industrial revolution and that carbon dioxide (CO2), methane (CH4) and nitrous oxide 
(N2O) are the three GHGs that have contributed more than 90% of human-induced global 
warming (IPCC, 2013). The GHG exchanges between terrestrial ecosystems and the atmosphere 
play a major role in regulating the concentrations of these three greenhouse gases in the 
atmosphere (Chevallier et al., 2015). However, our knowledge on the magnitude of GHG 
exchanges between terrestrial ecosystems and the atmosphere is still rather limited (Wang et al., 
2013; Ahlström et al., 2015). Particularly, large uncertainties remain regarding soil-air fluxes of 
GHGs in tropical drylands (Ahlström et al., 2015; Borges et al., 2015). 
  Pastoral systems occupy most of drylands in the world (Nori et al., 2005) and account for a 
quarter of the total drylands in Africa (Boval and Dixon, 2012). In West Africa (i.e., our study 
area), pastoral systems were estimated to have expanded considerably in recent past because of 
the observed global warming and the expansion trend is expected to continue in the near future 
under projected warming (Thornton and Herrero, 2015). Pastoral ecosystems are characterized by 
constraining climatic conditions with limited precipitation falling in a limited time frame 
(Martínez et al., 2011). Pastoralism is a way of life that is still very common in world’s arid and 
semi-arid zones (Turner et al., 2014). Pastoral communities have succeeded in making best 
advantage of the natural resources based on their mobility and “ancestral” knowledge (Manoli et 
al., 2014) and consequently developed their economy-ecology coupled social systems in which a 
large number of livelihoods are reported to have the highest rates of GHG emissions per unit of 
animal products (Gerber et al., 2013). Despite the increasingly acknowledged importance of 
pastoral ecosystems in the global GHG cycles and their potentials in further elevating the GHG 
concentrations in the atmosphere, in situ measurements are still not known (Tagesson et al., 
2015a). 
  Soils in rangelands, combined with livestock productions, are reported to be responsible for a 
large share of GHG emissions, but these soils can also act as carbon sinks under certain 
conditions (Soussana et al., 2010; Valentini et al., 2014). Under arid to semi-arid rangelands, soil 
moisture is one of the main factors controlling emissions of CO2 (Kuzyakov and Gavrichkova, 
2010; Yemadje et al., 2016) and N2O from the soil to the atmosphere (Ussiri and Lal, 2013). It 
should be noted that although CH4 emissions occur only in hydromorphic conditions, CH4 
emissions may also be significant, since there are extensive water bodies (e.g., ponds) and 
wetlands in certain parts of world’s drylands (Serrano-Silva et al., 2014). It should also be 
stressed that large amounts of manure are produced and deposited in pastoral ecosystems, thereby 
directly or indirectly affecting GHG emissions via the involvement of microbial processes (e.g., 
methanogenesis, nitrification, and denitrification) and modification of soil characteristics (e.g., 
texture and moisture) (Thangarajan et al., 2013). In addition, livestock, as a vector of organic 
matter, can result in the heterogeneous distribution of animal excreta in the landscapes and hence 
increase spatial heterogeneities in soil properties, available nutrients and biomasses, most likely 
leading to intensification of GHG emissions via enhanced microbiological processes (Smith et al., 
2003).  
  The purpose of this study was to evaluate the magnitude of the spatial heterogeneity of the 
emissions of CO2, N2O and CH4 from the soils and the surface water bodies in a pastoral 
landscape, and to identify possible links between the emissions and the livestock in ecosystem 
functioning. Our specific objectives were to: (1) quantify GHG fluxes in the different landscape 
units; (2) assess the spatial heterogeneities of GHG fluxes; and (3) link the heterogeneities to 
livestock habits and movements. To achieve these objectives, CO2, N2O and CH4 fluxes from 
soils and water surfaces were monitored for a whole year across different landscape units within 
the area influenced by the Widou borehole. This area is assumed to be representative of 
sylvo-pastoral ecosystems in northern Senegal, West Africa. 
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2  Materials and methods 
2.1  Study area 
The study was carried out in the sylvo-pastoral Ferlo region of Senegal, West Africa. The Ferlo 
region is characterized by high seasonal, annual and decadal rainfall variabilities and relatively 
high mean annual temperatures (Martínez et al., 2011). Three main seasons, each lasting four 
months, can be distinguished: a hot-wet season from July to October, a cold-dry season from 
November to February of next year and a hot-dry season from March to June. The mean annual 
precipitation is rather low (296 mm) and highly variable (Miehe et al., 2010). Mean annual 
temperature is 27.7°C and monthly averages fluctuate between a maximum of 30.2°C in October 
and a minimum of 24.5°C in January (Ndiaye et al., 2014). 
  The Ferlo region is organized around a network of boreholes at 30 km intervals. The boreholes 
were dug in the 1950s and 1960s (Manoli et al., 2014). This study focused on a 706 km² area 
around the Widou borehole (15°59′N, 15°19′W), a circular zone with a radius of 15 km from the 
borehole (Fig. 1). The area is representative of the semi-arid sylvo-pastoral ecosystems in the 
region. We selected this particular borehole because of the availability of a comprehensive 
database created as part of the organized survey activities (Ancey et al., 2008; Bah et al., 2010). 
The ‘enclosures’ in Figure 1 refer to the enclosed experimental grazing plots created over 30 
years ago as a part of a project implemented by a German agency (Miehe et al., 2010). An 
exhaustive survey of the 354 settlements located in the vicinity of the Widou borehole was made 
in December 2013 to quantify the size of the herds of the different animal species. The landscape 
supports a stocking rate ranging from 0.11 to 0.39 tropical livestock units per hectare (or 
TLU/hm2) depending on the seasonal movements of the herds. 

 

Fig. 1  Map of the study area around Widou borehole 

A combination of the GIS technique and field observations was used to describe and map the 
main landscape units (Fig. 1). Six landscape units were defined based on land uses and 
topographic variations using a Landsat ETL+204-049 image acquired on 3 November 2010. 
(I) Vicinity of the borehole (<1 km², or 0.1% of the total 706 km2 area) corresponds to the part 
of the landscape in which the borehole is located. The borehole is used to water herds and its 
vicinity is the place where the animals rest after being watered. The soils near the water tank of 
the borehole are waterlogged all year round. We investigated both stagnant surface water and the 
soils around the tank. 
(II) Settlements (44 km², or 6.3% of the total area) correspond to the areas occupied by herder’s 
homestead and a corral for the herd. These areas are characterized by high soil organic matter 
(SOM) contents due to the long-term accumulation of animal manure during night corralling. 
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(III) Natural ponds (19 km², 2.7%) correspond to areas of clayey soils where stagnant water 
accumulates temporarily during the wet season and the ponds normally dry up soon after the wet 
season is over. We investigated both the water from the ponds and the soils along the shorelines 
of the ponds. 
(IV) Forest plantations (6 km², 0.9%) were established by the government of Senegal as a part 
of the Great Green Wall project. They are mainly composed of Acacia spp. 
(V) Native rangelands (635 km², 89.9%) are occupied by natural vegetation (grass, shrubs, and 
trees) and are actively pastured by livestock.  
(VI) Enclosures (<1 km², 0.03%) refer to the enclosed experimental grazing plots created over 30 
years ago. 
2.2  Data collection 
To investigate seasonal variabilities of GHG fluxes, we conducted field campaigns on six 
occasions between May 2014 and January 2015, once during the hot dry-season (May 2014), once 
a month during the hot-wet season (from July to October 2014), and once during the cold-dry 
season (January 2015). Observations were made at 13 sites (native rangelands, n=5; natural ponds, 
n=2; settlements, n=2; forest plantations, n=1; enclosures, n=1; and in the vicinity of the borehole, 
n=2). The selection of the sampling sites took into consideration both the areal extent of the area 
occupied by each landscape unit and the potential ability to emit GHGs. 
2.2.1  CO2, N2O and CH4 fluxes 
GHG fluxes from each of the 13 sites were quantified using rectangular stainless steel static 
chambers described in Serça et al. (1994). All the measurements taken at each site were made in 
duplicate under parasols during the day. 
  Air samples (20 mL) were collected immediately after the closure of the chamber and 
subsequently at 30-minute intervals during the following 90 minutes. Samples for CO2 analysis 
were stored in serum vials pre-flushed with N2 (Guérin et al., 2007). Samples for CH4 and N2O 
analysis were stored in serum vials initially filled with a salt-saturated solution (Deshmukh et al., 
(2014). The analyses were performed by SRI 8610C gas chromatography (SRI Instruments, 
Torrance, CA, USA) equipped with a 63Ni electron detector (ECD) and a Flame Ionization 
Detector (FID) methanizer.  
  The diffusive fluxes were calculated from the slope of the linear regression of the concentration 
of gas in the chamber versus time. The measured fluxes were discarded when the correlation 
coefficient r2 was <0.8 (Deshmukh et al., 2014).  
  Samples were collected in the ponds to measure the concentrations of dissolved GHGs in the 
water. The water samples were collected and poisoned according to Guérin and Abril (2007), and 
analyzed by gas chromatography after the creation of a headspace with N2. Dissolved 
concentrations of CO2, CH4 and N2O were computed with the solubility coefficient of Weiss 
(1974), Yamamoto et al. (1976) and Wanninkhof (1992) for CO2, CH4 and N2O, respectively. 
Diffusive fluxes were calculated from surface concentrations using the turbulent boundary layer 
model (Liss and Slater, 1974) with a gas transfer velocity (k600) of 2 cm/h and the in situ water 
temperature. 
2.2.2  Soil chemical properties 
Soils were sampled in triplicate to a depth of 10 cm at all 13 sites in January 2015. The samples 
were used to determine soil total carbon, nitrogen, and phosphorus, NH4

+, NO3
–, bulk density, and 

particle sizes in the certified ISO9001 LAMA laboratory (2008 by Euro-Quality System) 
according to the methods described by Pansu and Gautheyrou (2006). 
2.2.3  Collection of solid manure and monitoring of livestock 
Each month, the solid manure deposited on the surface soils was collected manually in four 
0.25 hm2 plots in all the landscape units. The total quantity of solid manure in each livestock 
category (cattle, small ruminants, and non-ruminants) was weighed. The samples were then dried 
in a stove for three days at 65°C to measure dry matter content. Three ruminant herds were also 
monitored for 1–2 day(s) each month to estimate the time the animals spent in each landscape 
unit. 
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2.3  Analysis 
2.3.1  Correlation between fluxes and environmental parameters 
All statistical analyses were conducted with R software (R Development Core Team, 2015) using 
the ‘‘lme4’’ package for linear regression analysis and ‘‘ade4’’ (Dray and Dufour, 2007) for 
ANOVA. Data were checked for normality and variance analyses. Significant differences in 
means between the six landscape units and between the three seasons were identified with 
Tukey’s honest significant differences (HSD) test. Pearson correlation analysis was used to test 
the relationship between soil GHG emissions and the quantity of solid manure deposited on the 
surface soils. 
2.3.2  Scaling up measurements for temporal and spatial estimations 
For temporal upscaling (monthly/season average), the observations made on a specific day of the 
month were generalized to the month/season assuming that the magnitude of the emissions was 
the same every day of the month/season. For spatial upscaling (landscape unit average), a mean 
and a standard deviation were calculated for each landscape unit based on all observations of the 
landscape unit concerned. 
  Two different approaches were used to extrapolate emissions to the whole landscape. The “only 
native rangelands” approach is a simplified and also a widely practiced method (Valentini et al., 
2014). It only takes account of emissions from rangelands, as the entire landscape comprises this 
unit (in reality 90% of the borehole territory is covered by native rangelands). The second 
approach, called “all landscape units” approach, accounts for the spatial heterogeneity of GHG 
emissions. In both cases, each flux measurement was weighted according to the length of the 
sampling season and also to the relative proportions of the areal extent of the different landscape 
units in the context of the entire landscape concerned to calculate the total GHG emissions at the 
year time scale and at the landscape spatial scale. 
  Extrapolations at year and landscape levels were converted into CO2 equivalents based on the 
global warming potentials of the three gases proposed by IPCC (2013). These global warming 
potentials are 1, 34, and 298, for CO2, CH4, and N2O, respectively. 

3  Results 
3.1  Spatial variabilities of manure deposition and GHG emissions 
Table 1 lists the livestock stocking rate in a given landscape unit, the quantity of solid manure 
deposited on the soil per month and the physical and chemical characteristics of the soil in the 
different landscape units. The livestock stocking rate is expressed in tropical livestock units (TLU) 
per unit area (hm2), where one TLU is equivalent to an animal of 250 kg live weight. The average 
livestock rate in a landscape unit ranged from 0.08 (±0.02) TLU/(hm²•month) in rangelands to 
10.84 (±6.96) TLU/(hm²•month) in the vicinity of the borehole. The resulting excretion rates 
ranged from 13.7 (±6.9) kg DM/(hm²•month) in rangelands to 68.8 (±63.6) kg DM/(hm²•month) in 
the vicinity of the borehole. It should be noted that the dung excretion was quantified in kilogram 
of dry matter (DM). The soils in the vicinity of the borehole were richer in nutrients and organic 
matter (including total carbon, total nitrogen, mineral nitrogen, and total phosphorus). However, 
the soils near settlements are richer in mineral nitrogen than the soils in the vicinity of the 
borehole. 
  Table 2 lists soil GHG emissions in the different landscape units. Soil CO2 fluxes ranged from 
1148.2 (±91.6) mg/(m²•d) in rangelands to 97,144.1 (±52,450.1) mg/(m²•d) in the vicinity of the 
borehole. The mean CO2 flux across all landscape units was 4352.7±1220.1 mg/(m²•d). Soil N2O 
fluxes ranged from 0.6 (±0.1) mg/(m²•d) in forest plantation to 22.6 (±10.8) mg/(m²•d) in the 
vicinity of the borehole. The mean N2O flux across all landscape units was 2.5 (±0.9) mg/(m²•d). 
Soil CH4 fluxes ranged from –3.2 (±0.3) mg/(m²•d) in forest plantations to 691.3 (±352.6) 
mg/(m²•d) in the vicinity of the borehole. The mean CH4 flux across all landscape units was 2.6 
(±2.5) mg/(m²•d). 
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Table 1  Livestock stocking rate, manure deposition, physical and chemical characteristics of the soil (0–10 cm) 

Landscape 
unit 

Stocking rate 
(TLU/ 

(hm²•month)) 

Excretion rate  
(kg DM/ 

(hm²•month)) 

  Soil total 
  carbon  
  content  

  (g/100g) 

Soil total 
nitrogen 
content 

(g/100g) 

Soil mineral 
nitrogen 
content 

(µg N/g) 

Soil total 
phosphorus 

content 
(mg/kg) 

  Soil sand 
  content 

  (g/100g) 

Rangelands 0.08±0.02 13.7±6.9 0.3±0.07 0.02±0.008 8.0±1.7 85.8±26.6 87.8±3.5 

Settlements 1.44±0.28 53.6±25.9 0.8±0.5 0.1±0.08 423.1±479.1 210.3±307.7 88.1±0.9 
Vicinity of 
borehole 10.84±6.96 68.8±63.6 4.0±1.6 0.4±0.2 93.0±100.9 236.5±55.7 82.1±7.7 

Shorelines of 
the ponds 0.97±0.50 31.0±18.8 0.8±0.2 0.07±0.007 57.8±49.5 187.7±56.5 69.4±8.7 

Enclosures 0 0 0.3±0.01 0.03±0.002 7.04±0.9 63.5±12.8 84.5±2.8 

Forest 
plantations 

0.64±0.07 ND 0.4±0.09 0.02±0.004 10.6±1.1 102.0±62.6 89.9±1.2 

Note: Stocking rate means the allocation of the whole landscape livestock stocking rate among the different landscape units. Excretion 
rate takes account of monthly variations of the whole landscape stocking rate and the relative proportion of the areal extent of each 
landscape unit. TLU refers to tropical livestock units; DM, dry matter; ND, not determined. All data are expressed as means±SD. 

Table 2  Soil greenhouse gas emissions in the six different landscapes 
Landscape unit     CO2 flux (mg/(m²•d))      N2O flux (mg/(m²•d))      CH4 flux (mg/(m²•d)) 

Rangelands 3893.7±915.3b 2.4±0.8b 0.6±0.4b 

Settlements 9819.7±4356.6ab 3.5±1.4ab 0.9±0.5b 

Vicinity of borehole  17,915.6±8602.8a 6.2±3.4a 277.9±72.3a 

Shorelines of the ponds 6898.5±4023.6b 3.0±0.6b 58.8±74.3ab 

Enclosures  3544.7±216.7b 1.3±0.3b 0.1±0.1b 

Forest plantations 2250.2±140.5b 0.9±0.1b 0.1±0.1b 

Landscape level 4352.7±1220.1 2.5±0.9 2.6±2.5 
Note: Water-atmosphere exchanges were not included. All data are expressed as means±SD. The superscript letter after the standard 
deviation indicates significant differences between landscape units (Tukey’s HSD test; P<0.05). 

  CO2 and N2O fluxes exhibited similar trends. CO2 and N2O emissions from the soils in the 
vicinity of the borehole and in the settlements were significantly higher (P<0.05) than the fluxes 
from forest plantations, enclosures, rangelands and the shoreline of the ponds. But, there were no 
significant differences in CO2 and N2O emissions between the vicinity of the borehole and the 
settlements. The differences in CO2 and N2O emissions among forest plantations, enclosures, 
rangelands and the shorelines of the ponds were also not significant. 
  The spatial pattern of CH4 emissions from the soils slightly differed from those of CO2 and 
N2O. The highest CH4 emissions were measured in the vicinity of the borehole and the shorelines 
of the ponds, being significantly higher (P<0.05) than the fluxes from forest plantations, 
enclosures, rangelands and settlements. There were no significant differences between the vicinity 
of the borehole and the shorelines of the ponds and also no significant differences among forest 
plantations, enclosures, rangelands, and the settlements. 
  Concerning GHG exchanges between water surfaces and the atmosphere (in the natural ponds 
and in the vicinity of the borehole), all the water samples were under-saturated in N2O relative to 
the atmosphere, and N2O concentrations were below the limit of detection. CO2 fluxes ranged 
from 5855.1 (±970.5) mg/(m²•d) in natural pond water to 97,980.2 (±14,861.6) mg/(m²•d) in the 
stagnant water in the vicinity of the borehole. The calculated overall mean (for both landscape 
units) of CO2 fluxes was 30,640.9 (±5481.2) mg/(m²•d). CH4 fluxes ranged from 142.2 (±1.1) 
mg/(m²•d) in natural pond water to 8788.5 (±2295.9) mg/(m²•d) in the stagnant water around the 
borehole. The calculated overall mean (for both landscape units) of CH4 fluxes was 3170.8 
(±659.4) mg/(m²•d). The pond CO2 fluxes were not significantly different from the soil CO2 
fluxes, whereas pond CH4 fluxes were significantly higher (P<0.05) than the soil CH4 fluxes. On 
average, CH4 fluxes from ponds were 45 times higher than those from the soils. 



216 JOURNAL OF ARID LAND 2017 Vol. 9 No. 2  

 

3.2  Contribution of the different landscape units to total emissions  

Figure 2 shows the contributions of the three GHGs to total GHG emissions at landscape level. 
CO2 was the main contributor and accounted for 82% of total emissions. N2O accounted for 15% 
and CH4 for 3%. Rangelands, which represent 90% of the entire territory, were the main 
contributors to CO2 and N2O emissions despite of the fact that the flux per unit area in the 
rangelands is low. The vicinity of the borehole and the shorelines of the ponds were the main 
sources of CH4 emissions (93% of CH4 emissions) despite the fact that the borehole and the ponds 
accounted for less than 3% of the entire study area. 

        

Fig. 2  Contributions of the three greenhouse gas (CO2, N2O, and CH4) emissions from soil and water at the 
landscape level 

  Figure 3 shows the contributions of the three seasons (wet, cold-dry, and hot-dry seasons) to 
average daily emissions of GHG from the soils and water at the landscape level. Most emissions 
(65%) occurred during the hot-wet season. The cold-dry and hot-dry seasons represented 14% and 
21% of total emissions, respectively. Rangelands were the main sources of GHG emissions, 
especially during the cold-dry and hot-dry seasons, accounting for more than 90% of total 
emissions. The contributions of settlements, ponds, and the vicinity of the borehole increased 
during the hot-wet season mainly due to the higher CH4 emissions rates (see Section 3.1). 

 

Fig. 3  Contributions of the greenhouse gas emissions in three seasons (hot-wet, cold-dry, and hot-dry seasons) 
from soil and water at the landscape level 
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4  Discussion 
4.1  Impact of livestock on spatial variability of GHG emissions 
This study illustrates the high spatial heterogeneity in GHG exchanges with the atmosphere. In 
the case of CH4, the highest emissions per surface unit were recorded in permanently or 
temporarily flooded landscape units (borehole and ponds) where hydromorphic conditions favor 
methanogenesis (Serrano-Silva et al., 2014). These units are also frequently visited by animals 
that contribute to the accumulation of manure (Table 1). When only soil CH4 emissions were 
taken into account, ponds and the vicinity of the borehole emitted 58.8 (±74.3) and 277.9 (±72.3) 
mg/(m²•d), respectively. When surface water CH4 emissions were also taken into account, these 
two landscape units emitted 147.7 (±92.9) and 656.7 (±145.7) mg/(m²•d), respectively. CH4 
emissions from the remaining landscape units were very low or negative especially from units 
with sandy soils and limited manure inputs (rangelands and forest plantations). This is quite 
consistent with reports in the literature that consider non-flooded grassland soils to be sinks for 
atmospheric CH4 (Mosier et al., 2004) and that CH4 emissions are negligible in rain-fed 
agro-ecosystems (Nyamadzawo et al., 2014). 
  The highest CO2 and N2O emissions per surface unit mainly came from the landscape units in 
which the animals spent the longest time, i.e., the vicinity of the borehole, settlements and around 
the ponds. This can be explained by the high inputs of manure that stimulate microbial activities. 
Figure 4 shows the positive effect of inputs of manure on GHG emissions as reported by Lin et al. 
(2009). The correlation is stronger for CO2 and N2O fluxes (R²>0.5, P<0.05; Figs. 4a and b) than 
for CH4 (Fig. 4c). Manure is a direct source of CO2 emissions and also a direct source of N2O 
emissions (Yamulki et al., 1999; Clemens and Ahlgrimm, 2001; Li and Kelliher, 2007; Saggar et al., 
2007). The elevated emissions were normally accomplished through increasing soil C and N 
contents (Hiernaux et al., 1999) and also through stimulating soil microbiological activities 
(Chotte et al., 2012; Petersen et al., 2013). 

 

Fig. 4  Regression relationships between soil greenhouse gas emissions and inputs of manure within the study 
area including all landscape units 

  The spatial distribution of manure deposition certainly explains a large proportion of the spatial 
heterogeneity of the GHG emissions observed in this study. Other studies (e.g., Schlecht et al., 
2004) have also demonstrated the important role played by livestock in the spatial distribution of 
soil nutrients and carbon stocks. In the Sudanian savanna agro-pastoral ecosystems in West Africa, 
traditional practices like free grazing and night corralling lead to nutrient and carbon transfers 
from the periphery to the core of the landscapes (Manlay et al., 2004a), resulting in ring-like 
organization of the landscape with a positive gradient of nutrients and carbon storage in the soil 
from the rangelands to the dwellings (Diarisso et al., 2015). This organization may explain the 
marked differences in CO2 emissions rates between rangelands and croplands in Sudanian 
savanna agro-pastoral ecosystems (Brümmer et al., 2009). Similarly in Sahelian drier 
sylvo-pastoral ecosystems, quite like the ecosystem studied here, the spatial heterogeneity of 
GHG emissions can be explained by livestock-related nitrogen and carbon transfers. That is, 
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animals mainly intake biomasses in certain landscape units (e.g., rangelands, tree plantations) 
while excretion preferentially occurs in others while resting (in settlements) or drinking (stagnant 
water around the borehole and in natural ponds). Consequently, organic matter is concentrated in 
particular landscape units. 
4.2  More accurate assessment of total GHG emissions at landscape level 
Figure 5 compares the total annual emissions (in CO2 equivalent) of the three main GHGs using 
two approaches described in Section 2.3.2. The estimate of total annual emissions (in CO2 
equivalents) using “only native rangelands” approach was 1.2×106 t C-CO2 eq/a and the estimate 
using the “all landscape units” approach was 1.4×106 t C-CO2 eq/a in the Widou territory (706 
km2). CH4 emissions are not taken into account in the “only native rangelands” approach because 
they are negligible in rangelands, and mainly occur in the vicinity of the borehole and the natural 
ponds. The “only native rangelands” approach leads to a 14% underestimation of total emissions. 
These results question the fact that extrapolations at landscape and sometimes at regional levels 
are frequently based on spatially limited measurements because data on tropical regions are 
scarce (Merbold et al., 2009; Galy-Lacaux and Delon, 2014; Tagesson et al., 2015b). For instance, 
most regional African GHG balances are based on data provided by the regional network of flux 
towers (Bombelli et al., 2009; Mbow, 2014; Valentini et al., 2014). 

 

Fig. 5  Annual total greenhouse gas emissions from soil and water at landscape level calculated using two 
different approaches 

4.3  More accurate assessment of total GHG emissions at year level 
Another way to increase the robustness of the assessment of the yearly total GHG emissions from 
soil in tropical sylvo-pastoral ecosystems is the frequency of the GHG measurements. In the dry 
seasons (both hot-dry and cold-dry seasons), emissions fluxes remain stably low over time 
because the soil is dry and the microbiological activity is considerably slowed down, justifying 
less frequent measurements (see Section 3.2). But during the wet season (i.e., the hot-wet season), 
microbiological activity and the resulting GHG fluxes are extremely high. The occurrence of 
scaling up errors is certainly higher in the wet season despite the fact more frequent 
measurements were made in this season in the present study. Indeed, the microbiological 
activities and other GHG emission-related processes in the soils of tropical arid and semi-arid 
areas go through a dormant period during the dry season and are subjected to mineralization 
flushes after rainfall events at the onset of the wet season (Kim et al., 2012). It is thus difficult to 
capture the resulting variability of GHG emissions. It would require a dedicated monitoring 
program with very frequent measurements. Unfortunately, the present study did not have the 
required measurement frequency during the wet season because our primary objective was to 
analyze the spatial variability of GHG emissions. To better represent the mineralization flushes 
and peak emissions, modeling would be required to correlate emissions with the dynamics of soil 
humidity (Saggar et al., 2007; Song et al., 2015). To date, modelling efforts have been constrained 
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by the lack of available data mainly due to the inaccessible nature of tropical rangeland 
ecosystems (Krüger et al., 2013). 

5  Conclusions 
To our knowledge, the data set on the carbon dioxide, nitrous oxide, and methane fluxes in 
northern Senegal reported here is the first from a tropical sylvo-pastoral ecosystem. Our results 
provide evidence for quite notable spatial heterogeneity of GHG emissions. The spatial 
heterogeneity of GHG emissions can be explained by livestock movements within the study area, 
and the resulting stocking rate variations, which affect the spatial distribution of solid manure and 
result in hotspots of GHG emissions. The vicinity of the borehole and the settlements had the 
highest manure input rates and thus the highest CO2 and N2O emissions. The stagnant water in 
natural ponds and in the vicinity of the borehole was the main contributor of CH4 emissions due 
to permanent or seasonal hydromorphic conditions. The high CH4 emissions were further 
enhanced by the large quantity of manure excreted by animals while they are drinking. 
  At the landscape level, CO2 is the main GHG (83.1% of all GHG emissions) and native 
rangelands are the main landscape unit (78.8% of all GHG emissions) contributing to total GHG 
emissions. It should be stressed that the “only native rangelands” approach underestimated the 
total annual emissions by 14% because most of CH4 emissions occur elsewhere than in 
rangelands and yet only rangelands were considered in the “only native rangelands” approach. 
Further investigations are needed to refine the GHG footprint of sylvo-pastoral systems in the 
region including more frequent monitoring during the seasonal transitions with a focus on the 
onset of the wet season, known to be a period in which a flush of mineralization of organic matter 
occurs in the tropics. Long-term efforts should also be made to assess possible inter-annual 
variability of GHG emissions, since climate fluctuations can have impacts on the presence, 
movements, and excretion rates of livestock and since the impacts can modify the spatial 
heterogeneity of the GHG balance. 

Acknowledgements 
The study was funded by the Islamic Development Bank (the Merit Scholarship Program for High Technology) 
and the European Union (the FP7-KBBE-2010 Animal Change Project). 

References 

Ahlström A, Raupach M R, Schurgers G, et al. 2015. The dominant role of semi-arid ecosystems in the trend and variability of 
the land CO2 sink. Science, 348(6237): 895–899.  

Ancey V, Wane A, Müller A, et al. 2008. Paying for water in the Ferlo: pastoral strategies of community water management. In: 
Agricultural Restructuring in the South and the East. Presses de Sciences Po, 2(46): 51–66. (in French) 

Bah A, Touré I, Fourage C, et al. 2010. An agent-based model to study land allocation policies and their effect on pastoral and 
territorial dynamics in the Ferlo (Senegal). Cahiers Agricultures, 19(2): 118–126. (in French) 

Bombelli A, Henry M, Castaldi S, et al. 2009. An outlook on the sub-Saharan Africa carbon balance. Biogeosciences, 6(10): 
2193–2205.  

Borges A V, Darchambeau F, Teodoru C R, et al. 2015. Globally significant greenhouse-gas emissions from African inland 
waters. Nature Geoscience, 8(8): 637–642.  

Boval M, Dixon R M. 2012. The importance of grasslands for animal production and other functions: a review on management 
and methodological progress in the tropics. Animal: An International Journal of Animal Bioscience, 6(5): 748–762.  

Brümmer C, Papen H, Wassmann R, et al. 2009. Fluxes of CH4 and CO2 from soil and termite mounds in south Sudanian 
savanna of Burkina Faso (West Africa). Global Biogeochemical Cycles, 23(1): GB1001.  

Chevallier T, Hmaidi K, Kouakoua E, et al. 2015. Physical protection of soil carbon in macroaggregates does not reduce the 
temperature dependence of soil CO2 emissions. Journal of Plant Nutrition and Soil Science, 178(4): 592–600.  

Chotte J L, Diouf M N, Assigbetsé K, et al. 2012. Unexpected similar stability of soil microbial CO2 respiration in 20-year 
manured and in unmanured tropical soils. Environmental Chemistry Letters, 11(2): 135–142.  

Clemens J, Ahlgrimm H J. 2001. Greenhouse gases from animal husbandry: mitigation options. Nutrient Cycling in 



220 JOURNAL OF ARID LAND 2017 Vol. 9 No. 2  

 

Agroecosystems, 60(1–3): 287–300.  
Deshmukh C, Serça D, Delon C, et al. 2014. Physical controls on CH4 emissions from a newly flooded subtropical freshwater 

hydroelectric reservoir: Nam Theun 2. Biogeosciences, 11(2): 3271–3317.  
Diarisso T, Corbeels M, Andrieu N, et al. 2015. Biomass transfers and nutrient budgets of the agro-pastoral systems in a village 

territory in south-western Burkina Faso. Nutrient Cycling in Agroecosystems, 101(3): 295–315.  
Dray S, Dufour A B. 2007. The ade4 package: implementing the duality diagram for ecologists. Journal of Statistical Software, 

22(4): 1–20.  
Galy-Lacaux C, Delon C. 2014. Nitrogen emission and deposition budget in West and Central Africa. Environmental Research 

Letters, 9(12): 125002.  
Gerber P J, Steinfeld H, Henderson B, et al. 2013. Tackling Climate Change through Livestock–A Global Assessment of 

Emissions and Mitigation Opportunities. Rome: Food and Agriculture Organization of the United Nations, 139. 
Guérin F, Abril G. 2007. Significance of pelagic aerobic methane oxidation in the methane and carbon budget of a tropical 

reservoir. Journal of Geophysical Research, 112: G03006.  
Guérin F, Abril G, Serça D, et al. 2007. Gas transfer velocities of CO2 and CH4 in a tropical reservoir and its river downstream. 

Journal of Marine Systems, 66(1–4): 161–172.  
Hiernaux P, Bielders C L, Valentin C, et al. 1999. Effects of livestock grazing on physical and chemical properties of sandy 

soils in Sahelian rangelands. Journal of Arid Environments, 41(3): 231–245.  
IPCC. 2013. Climate Change 2013: The Physical Science Basis. Working Group I Contribution to the Fifth Assessment Report 

of the Intergovernmental Panel on Climate Change. Cambridge: Cambridge University Press, 1535.  
Kim D G, Vargas R, Bond-Lamberty B, et al. 2012. Effects of soil rewetting and thawing on soil gas fluxes: a review of current 

literature and suggestions for future research. Biogeosciences, 9(7): 2459–2483.  
Krüger J P, Beckedahl H, Gerold G, et al. 2013. Greenhouse gas emission peaks following natural rewetting of two wetlands in 

the southern Ukhahlamba-Drakensberg Park, South Africa. South African Geographical Journal, 96(2): 113–118.  
Kuzyakov Y, Gavrichkova O. 2010. REVIEW: Time lag between photosynthesis and carbon dioxide efflux from soil: a review 

of mechanisms and controls. Global Change Biology, 16(12): 3386–3406.  
Li Z, Kelliher F M. 2007. Methane oxidation in freely and poorly drained grassland soils and effects of cattle urine application. 

Journal of Environmental Quality, 36(5): 1241–1247.  
Liss P S, Slater P G. 1974. Flux of gases across the air-sea interface. Nature, 247(5438): 181–184.  
Manlay R J, Ickowicz A, Masse D, et al. 2004. Spatial carbon, nitrogen and phosphorus budget in a village of the West African 

savanna—II. Element flows and functioning of a mixed-farming system. Agricultural Systems, 79(1): 83–107.  
Manoli C, Ancey V, Corniaux C, et al. 2014. How do pastoral families combine livestock herds with other livelihood security 

means to survive? The case of the Ferlo area in Senegal. Pastoralism: Research, Policy and Practice, 4: 3.  
Martínez B, Gilabert M A, García-Haro F J, et al. 2011. Characterizing land condition variability in Ferlo, Senegal (2001–2009) 

using multi-temporal 1-km Apparent Green Cover (AGC) SPOT Vegetation data. Global and Planetary Change, 76(3–4): 
152–165.  

Mbow C. 2014. Biogeoscience: Africa’s greenhouse-gas budget is in the red. Nature, 508(7495): 192–193.  
Merbold L, Ardö J, Arneth A, et al. 2009. Precipitation as driver of carbon fluxes in 11 African ecosystems. Biogeosciences, 

6(6): 1027–1041.  
Miehe S, Kluge J, Von Wehrden H, et al. 2010. Long-term degradation of Sahelian rangeland detected by 27 years of field study 

in Senegal. Journal of Applied Ecology, 47(3): 692–700.  
Mosier A, Wassmann R, Verchot L, et al. 2004. Methane and nitrogen oxide fluxes in tropical agricultural soils: sources, sinks 

and mechanisms. In: Wassmann R, Vlek P G. Tropical Agriculture in Transition—Opportunities for Mitigating Greenhouse 
Gas Emissions?. Netherlands: Springer, 11–49.  

Ndiaye O, Diallo A, Wood S A, et al. 2014. Structural diversity of woody species in the Senegalese semi-arid zone—Ferlo. 
American Journal of Plant Sciences, 5(3): 416–426.  

Nori M, Switzer J, Crawford A. 2005. Herding on the Brink: Towards a Global Survey of Pastoral Communities and Conflict. 
Switzerland: International Institute for Sustainable Development, 1–33.  

Nyamadzawo G, Wuta M, Nyamangara J, et al. 2014. Nitrous oxide and methane emissions from cultivated seasonal wetland 
(dambo) soils with inorganic, organic and integrated nutrient management. Nutrient Cycling in Agroecosystems, 100(2): 
161–175.  

Pansu M, Gautheyrou J. 2006. Handbook of Soil Analysis: Mineralogical, Organic and Inorganic Methods. Berlin Heidelberg: 
Springer, 995.  

Petersen S O, Blanchard M, Chadwick D, et al. 2013. Manure management for greenhouse gas mitigation. Animal: An 



   Mohamed H ASSOUMA et al.: Livestock induces strong spatial heterogeneity of soil CO2, N2O and CH4… 221 

 

International Journal of Animal Bioscience, 7(Suppl. 2): 266–282.  
R Development Core Team. 2015. R: A Language and Environment for Statistical Computing. Vienna, Austria: R Foundation 

for Statistical Computing.  
Saggar S, Hedley C B, Giltrap D L, et al. 2007. Measured and modelled estimates of nitrous oxide emission and methane 

consumption from a sheep-grazed pasture. Agriculture, Ecosystems & Environment, 122(3): 357–365.  
Schlecht E, Hiernaux P, Achard F, et al. 2004. Livestock related nutrient budgets within village territories in western Niger. 

Nutrient Cycling in Agroecosystems, 68(3): 199–211.  
Serça D, Delmas R, Jambert C, et al. 1994. Emissions of nitrogen oxides from equatorial rain forest in central Africa. Tellus B, 

46(4): 243–254.  
Serrano-Silva N, Sarria-Guzmán Y, Dendooven L, et al. 2014. Methanogenesis and methanotrophy in soil: a review. Pedosphere, 

24(3): 291–307.  
Smith K A, Ball T, Conen F, et al. 2003. Exchange of greenhouse gases between soil and atmosphere: interactions of soil 

physical factors and biological processes. European Journal of Soil Science, 54(4): 779–791.  
Song W M, Chen S P, Zhou Y D, et al. 2015. Contrasting diel hysteresis between soil autotrophic and heterotrophic respiration 

in a desert ecosystem under different rainfall scenarios. Scientific Reports, 5: 16779.  
Soussana J F, Tallec T, Blanfort V. 2010. Mitigating the greenhouse gas balance of ruminant production systems through carbon 

sequestration in grasslands. Animal, 4(3): 334–350.  
Tagesson T, Fensholt R, Cropley F, et al. 2015a. Dynamics in carbon exchange fluxes for a grazed semi-arid savanna ecosystem 

in West Africa. Agriculture, Ecosystems & Environment, 205: 15–24.  
Tagesson T, Fensholt R, Guiro I, et al. 2015b. Ecosystem properties of semiarid savanna grassland in West Africa and its 

relationship with environmental variability. Global Change Biology, 21(1): 250–264.  
Thangarajan R, Bolan N S, Tian G, et al. 2013. Role of organic amendment application on greenhouse gas emission from soil. 

Science of the Total Environment, 465: 72–96.  
Thornton P K, Herrero M. 2015. Adapting to climate change in the mixed crop and livestock farming systems in sub-Saharan 

Africa. Nature Climate Change, 5(9): 830–836.  
Turner M D, McPeak J G, Ayantunde A. 2014. The role of livestock mobility in the livelihood strategies of rural peoples in 

semi-arid West Africa. Human Ecology, 42(2): 231–247.  
Ussiri D, Lal R. 2013. Nitrous oxide sources and mitigation strategies. In: Ussiri D, Lal R. Soil Emission of Nitrous Oxide and 

its Mitigation. Netherlands: Springer, 243–275.  
Valentini R, Arneth A, Bombelli A, et al. 2014. A full greenhouse gases budget of Africa: synthesis, uncertainties, and 

vulnerabilities. Biogeosciences, 11(2): 381–407.  
Wang W L, Ciais P, Nemani R R, et al. 2013. Variations in atmospheric CO2 growth rates coupled with tropical temperature. 

Proceedings of the National Academy of Sciences of the United States of America, 110(32): 13061–13066.  
Wanninkhof R. 1992. Relationship between wind speed and gas exchange over the ocean. Journal of Geophysical Research: 

Oceans, 97(C5): 7373–7382.  
Weiss R F. 1974. Carbon dioxide in water and seawater: the solubility of a non-ideal gas. Marine Chemistry, 2(3): 203–215.  
Yamamoto S, Alcauskas J B, Crozier T E. 1976. Solubility of methane in distilled water and seawater. Journal of Chemical & 

Engineering Data, 21(1): 78–80.  
Yamulki S, Jarvis S C, Owen P. 1999. Methane emission and uptake from soils as influenced by excreta deposition from grazing 

animals. Journal of Environmental Quality, 28(2): 676–682.  
Yemadje P L, Guibert H, Chevallier T, et al. 2016. Effect of biomass management regimes and wetting-drying cycles on soil 

carbon mineralization in a Sudano-Sahelian region. Journal of Arid Environments, 127: 1–6.  


