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ARTICLE INFO ABSTRACT

Keywords: To assess the extent to which trees in a semi-arid silvopastoral system (SPS) can offset the greenhouse-gas (GHG)
Silvopastoral systems emissions of the system’s livestock, this study used two process-based models (STEP-GENDEC-N,0 and DynACof)
Gvreenholilse 8as emissions to simulate 9 years of agricultural activity and resulting emissions in a SPS that has been operating in sahelian
I%;x;zsstoc Senegal. STEP-GENDEC-N,O simulated soil NoO and CO; fluxes, plus growth of the herbaceous layer, while

DynACof focused on the tree layer. Outputs from the models included simulated time series of vegetative growth,
water fluxes, and emissions. This output was validated through the use of published data, and measurements that
were made at the SPS. Overall, the outputs from STEP-GENDEC-N5O agreed well with validation data for water
fluxes, soil N, soil C, herbaceous biomass, and N2O emissions. Good agreement was also found between the
measured fluxes of the SPS ecosystem, and the simulated values that were generated by combining STEP-
GENDEC-N20’s simulations (of the herbaceous layer’s heterotrophic respiration, autotrophic respiration, and
gross primary productivity (GPP)) with DynACof’s simulations of the tree layer’s autotrophic respiration and
GPP. Among the insights gained from the simulations was that in this SPS’s sandy soils, nitrification was the
dominant process that leads to N2O emissions. Our results show that the trees, at their current density (81 ha 1)
offset 18 % to 41 % of the GHG emissions from livestock. With further development, the model set-up can be used
for estimating the GHG offset at other tree densities, and will be useful for guiding future policies regarding
climate-change adaptation and mitigation in the management of the Sahel’s SPSs.

Process-based model

1. Introduction ecosystems worldwide. Greenhouse gas (GHG) emissions negatively
impact air, soil and water quality at the global scale (IPCC, 2022). In
The impacts of climate change are becoming increasingly evident in recent years, numerous research efforts have been dedicated to
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exploring this issue from local to global perspectives across the world
(IPCC, 2022; Parmesan et al., 2022; Portner et al., 2022). Nevertheless, a
significant portion of our understanding regarding the scale of GHG
emissions, their impacts, and climate risks in Africa predominantly relies
on evidence from global studies (Tian et al., 2020; Zhao et al., 2021).
While these global studies provide estimates of average global trends,
they may not possess the statistical power to distinguish the specific
magnitudes of GHG emissions, vulnerability, exposure, or adaptation
capacity within African ecosystems (Trisos et al., 2022). More localized
studies in Africa can further enhance our comprehension of climate
change impacts on the continent.

According to the Intergovernmental Panel on Climate Change’s
(IPCC) sixth assessment report (2022), Africa is the continent that con-
tributes least to global GHG emissions. At the same time, Africa has been
and is projected to continue being the continent most impacted by
climate change. Key development sectors in Africa have already expe-
rienced widespread damages attributable to anthropogenic climate
change, including biodiversity loss, water shortages, reduced food pro-
duction, loss of life, and slower economic growth (Trisos et al., 2022).
For example, recent studies in Senegal have demonstrated both the
vulnerability of ecosystems to climate change, and the need to adapt
practices to predicted future climates in order to mitigate potential
impacts upon food production (Ministere de I’Environnement, du
Développement durable et de la Transition écologique du Sénégal,
2015). Senegal has responded by proposing a set of strategies for
reducing its GHG emissions. Proposals for its agriculture sector promote
sustainable land-management technologies (Ministere de I’Environne-
ment, du Développement durable et de la Transition écologique du
Sénégal, 2015). To inform the policies for developing and implementing
those technologies, Senegal needs estimates of the magnitudes of direct
agricultural GHG emissions, along with knowledge of the biophysical
controls upon those emissions. Such information is especially important
regarding Senegal’s semi-arid savannas, which are a dominant vegeta-
tion type in that nation (Latham et al., 2014). Within those savannas,
one of the typical land use types is the Sahelian silvopastoral system
(SPS).

SPSs are complex systems in which livestock graze within a mix of
trees and pastures. The ecosystem services that are provided by SPSs
include biodiversity conservation (Newbold et al., 2015), carbon
sequestration in vegetation and soils (Chapman et al., 2020), and cool-
ing due to trees (Zeppetello et al., 2022). According to Montagnini et al.
(2013) and Torres et al. (2017), the use of silvopastoral systems can
adapt the Sahelian region to climate change, while simultaneously
providing food and livelihoods for millions of people (Godde et al.,
2020). An unresolved issue regarding SPSs is the net impact of the
associated livestock upon climate. Livestock affect the carbon (C) cycle
and GHG fluxes strongly (Butterbach-Bahl et al., 2020), mainly through
grazing and the excreta that increase soil fertility by recycling carbon (C)
and nitrogen (N) to the system. However, livestock also increase emis-
sions of N2O and CO; (Dangal et al., 2020). Although those processes are
well known, the extent to which they operate in SPSs is poorly under-
stood, as are the magnitudes of their potential impacts.

To quantify such impacts (more specifically, a region’s contribution
to the global carbon budget), experts often use global dynamic vegeta-
tion models (Tian et al., 2015). Unfortunately, those models do not al-
ways represent the unique characteristics of sub-Saharan ecosystems
with sufficient accuracy. Despite the efforts made by some authors to
measure the region’s GHG emissions, the sources and magnitudes of
those emissions remain highly uncertain. To our knowledge, very few
experimental studies have focused upon estimating GHG emissions from
SPSs, or upon identifying their driving parameters. Most of the pub-
lished studies measured GHG emissions by using static chambers placed
over the soil surface (Assouma et al., 2017; Bigaignon et al., 2020; Delon
et al., 2017). These studies provided only snapshots of emissions, typi-
cally with coarse temporal resolutions. What are needed, in addition, are
long-term studies with the temporal resolutions that are required for
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satisfactory modeling (Bentzon-Tarp et al., 2023). Temporal resolution
is especially important for measurements that are made during the
transition period between the Sahel’s dry and the wet seasons. During
those periods, GHG emissions are expected to peak after the first rains
fall upon very dry soils (Assouma et al., 2017). Unfortunately, field
measurements of soil GHG emissions are expensive, time-consuming,
and labour-intensive especially in African SPSs, which are usually
located in remote areas with little or no infrastructure. As an important
alternative, process-based modeling can complement the few available
experimental studies, thereby providing insights into the underlying
processes of GHG emission, as well as the temporal and spatial vari-
ability of GHG fluxes.

Studies that have been carried out in temperate regions are
instructive regarding the processes that might need to be modeled, and
the parameters to be included. Several of those studies found that CO,
and N»O emissions from soils result from biogeochemical processes that
are related directly or indirectly to the activity of soil microorganisms
(Firestone and Davidson, 1989; Knowles, 1982; Robertson and Paul,
2000; Ward, 2013). Specifically, the CO; is generally produced during
decomposition of soil organic matter (Robertson and Paul, 2000), while
N2O emissions are derived predominantly from denitrification (i.e.,
reduction of nitrate to molecular N) and nitrification (i.e., oxidation of
ammonium to nitrate) (Davidson and Verchot, 2000). The activation of
the microorganisms responsible for these processes depends upon a
range of environmental factors, the most important of which are soil
water content, substrate concentration gradient, soil pH, and tempera-
ture (Aulakh et al., 1991; Bajracharya et al., 2000; Reth et al., 2005). The
key ecological drivers of these factors are climate, soil properties,
vegetation, and anthropogenic activities (Li, 2007). Any change in these
ecological drivers may cause changes in the environmental factors that
affect the processes through which CO, and N2O are produced and
consumed in the soil (Li, 2007). Because the complexity of these re-
lationships cannot be described with simple empirical models,
process-based models are the most convenient tool for studying, quan-
tifying, and predicting how a change in ecological drivers might affect
emission of CO5 and N>O.

The need for modelers to take context-specific ecological dynamics
into account has motivated recent modeling efforts that incorporate
simulations of semi-arid climate conditions. Especially important is the
accurate representation of strong changes in soil C and N dynamics that
occur during the transition between the dry and wet seasons (Bigaignon
et al., 2020; Delon et al., 2019). In the case of models that attempt to
describe the processes leading to CO3 and N2O production in SPSs, it is
also necessary to improve the parameterization of ecological processes
that operate in the Sahel’s specific combination of high temperatures,
long dry seasons, low annual precipitation, and effects of livestock and
trees.

To address that need, this study examines the processes through
which the trees in a SPS offset the emissions of CO5, N;O, and CHy
emissions that result from the livestock. We also make quantitative
predictions of the offsets. The specific research questions are: (1) What
are the annual CO, and N»O balances of a typical SPS in the Western
Sahel; (2) How are the CO, fluxes distributed between herbaceous
vegetation and trees; and (3) What is the impact of livestock, and how
could the livestock-related emissions of CO5, N3O, and CH4 be offset?

2. Materials and methods
2.1. Study area

The study area is a Sahelian SPS at the Dahra field site in north-
western Senegal (15°24'10"N, 15°25'56'W, elevation 40 m, Fig. 1(a)).
The site lies within the Centre de Recherches Zootechniques, which is
managed by the Institut Sénégalais de Recherche Agronomique (ISRA).
The site is equipped with an Eddy Covariance (EC) tower (Fig. 1(b))
(Tagesson et al., 2015, 2016b). The climate is Sahelian, with a unimodal
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Fig. 1. The study area (Dahra field site, Senegal): (a) location of the site (15°24'10"N, 15°25'56"W); (b) photograph of the eddy covariance (EC) tower, taken during
the wet season; (c) photograph of the Dahra landscape, showing livestock, dry herbaceous vegetation, and trees; (d) closeup of the Dahra field site, showing locations

of sampling and instrumentation.

rainfall pattern that features a wet season extending from July to
October. During 2012-2020, the mean annual precipitation was 380
mm (range: 271-529 mm), and the mean annual air temperature was
28.9 °C (range: 28-30 °C).

Soils in the study area are sandy (89 % sand, 6.3 % clay). Within the
upper soil profile, pHyzo ranges from 6.2 to 7.4 (Delon et al., 2022). The
site is a typical unmanaged SPS, with a sparse tree population (6.4 %
canopy cover) (Tagesson et al., 2015). The dominant tree species is
Acacia raddiana and Balanites aegyptiaca; also present are Acacia senegal
and Leptadenia astata. Herbaceous vegetation consists primarily of
annual C4 grasses (Dactyloctenium aegyptum, Aristida adscensionis, Cen-
chrus biflorus and Eragrostis tremula), which are grazed year-round by
cows (Bos taurus indicus) (Fig. 1(c)), sheep (Ovis aries), and goats (Capra
aegagrus hircus) (Tagesson et al., 2015). The site’s high grazing pressure
(approximately 242 to 1210 grazing animals on a 500-ha service area) is
about 4 times greater than the average pressure in the Sahel (Gilbert
et al., 2018). The site is described in greater detail by Tagesson et al.
(2015, 2016b) and Delon et al. (2022, 2019, 2017).

2.2. Field data

2.2.1. Hydro-meteorological and flux data

The hydro-meteorological data used for this study were rainfall
(mm); air temperature (°C), relative air humidity (%); wind speed (m
s Hat2m height; soil moisture (m®m3) at depths of 0.05, 0.10, and
0.30 m; and net radiation (W m_z). These data were measured during

the period 2012-2020 at the meteorological station of the Dahra field
site by sensors that were connected to a CR-1000 logger in combination
with a multiplexer (Campbell Scientific Inc. North Logan, USA)
(Tagesson et al., 2015). Data were sampled every 30 s and integrated for
storage every 15 min. COy and latent heat fluxes were measured at a
height of 9 m above ground level at a frequency of 20 Hz, using an eddy
covariance-system consisting of a COy/H50O infrared gas analyzer
(2010-2017: open-path LI-7500, LI-COR Inc., Lincoln, USA; 2019-2020:
enclosed path EC155 Campbell Scientific Inc. North Logan, USA) and a
three-axis sonic anemometer (2010-2017: Gill R3 ultrasonic anemom-
eter, Hampshire, UK; 2019-2020: CSAT3A, Campbell Scientific Inc.
North Logan, USA). Post-processing was performed with the EddyPro
4.2.1 software (Li-Cor Biosciences, 2012). Statistics were calculated for
30-min periods (Tagesson et al., 2015). All data were integrated at the
daily scale. The methods that were used for quality checks, gap-filling,
and partitioning of the measured NEE (Net Ecosystem Exchange)
fluxes into gross primary production and ecosystem respiration (Reco)
were based upon previous work (Tagesson et al., 2016a).

N5O emissions were measured at three different locations below the
flux tower, at the top, midpoint, and bottom of a 500 m transect along a
dune slope of 2 % (nearly flat). The herbaceous vegetation cover in the
field is rather homogeneous, thus ensuring that the soil cover inside the
chamber is representative of the area (Fensholt et al., 2006; Fensholt and
Sandholt, 2005). N2O emissions were measured three times a day
(morning: 10-12 am; noon: 12 am-2 pm; and afternoon: 04-06 pm)
during three field campaigns (11-07-2013 to 17-07-2013, 29-10-2013 to
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07-11-2013, and 21-09-2017 to 27-09-2017) using a stainless-steel
chamber (base: 0.20 m x 0.40 m, height: 0.15 m). The chamber was
placed on a frame inserted 10 cm deep in the soil, and sealed by a
water-filled slot (Bigaignon et al., 2020; Delon et al., 2017). Samples of
the chamber headspace gas were then extracted with a syringe through a
rubber septum. During 2013, the samples were extracted at 0, 15, 30,
and 45 min after placing the chamber on the frame. During 2017, the
times of extraction were 0, 20, 40, and 60 min. Samples were transferred
into 12 mL pre-evacuated glass vials (Exetainer, Labco, UK). Two to
three weeks after each field campaign, the gas samples were analyzed
via gas chromatography (GC) at Laboratoire d’Aérologie, (Toulouse,
France) (Bigaignon et al., 2020; Delon et al., 2017). The gas chro-
matograph (SRI 8610C; from SRI, Torrance, CA, USA) was equipped
with an electron capture detector (ECD). NyO fluxes were calculated
from the slope of the linear regression of gas concentration in the
chamber versus time (Assouma et al., 2017; Delon et al., 2017). Previous
publications that used these data (Bigaignon et al., 2020; Delon et al.,
2017) present a full description of the method that was used, as well as
the quality checks of measured N,O emissions.

2.2.2. Data for soil, vegetation, and trees

Soil samples were collected during 2015-2020 at the top, mid-point,
and bottom of a 500-m transect that followed a dune slope (Fig. 1(d)).
The samples were collected with a core sampler at depths of 0-10 cm,
20-30 cm, 30-40 cm, and 50-60 cm. After air-drying, the samples were
analysed (for soil properties) by the « Laboratoire des Moyens Analy-
tiques » (UAR IMAGO—LAMA certified ISO9001:2015), at Dakar’s IRD
(« Institut de Recherche pour le Dévelopement ») (http://www.imago.ir
d.fr/moyens-analytiques/dakar). Organic carbon was determined using
the method of Walkey and Black (1934). pH was measured on soil
samples that had been stirred with water (1/2.5 w/v). Total C and N
contents were determined by a CHN elemental analyzer (Thermo Fin-
nigan Flash EA1112, Milan, Italy) using the Dumas method (Stewart
et al., 1963) on 100 mg aliquots that had been ground to 0.2 mm. The
determinations were made according to ISO 10694:1995 (for C) and ISO
13878:1998 (for N).

Samples for calculation of total above-ground herbaceous mass were
collected during the 2013-2019 wet seasons, at intervals of approxi-
mately 10 days. The samples were taken from twenty-eight 1-m? plots
located along two 1060-m long transects (Fig. 1(d)) (Mbow et al., 2013;
Tagesson et al., 2015). During 2020, herbaceous-vegetation samples
were collected every 2 days from July 19th to September 17th, in 1 m?
plots at three different locations near a tree on the plot (under the crown;
at the crown edge and far from the crown). The collected herbaceous
vegetation was weighed in the field to find the fresh weight. The dry
matter was estimated by oven-drying the green biomass for 48 h. A more
detailed description of the biomass-sampling method can be found in
Mbow et al. (2013).

A systematic inventory of the tree population at the site was carried
out on 10/11/2022 over a 4-ha area around the EC tower (Fig. 1(d)).
The following parameters were recorded: species name, tree height; tree
circumference; and crown diameters (measured in the two largest
perpendicular directions). Biomasses of wood and leaves were calcu-
lated using allometric equations found in the literature (Cissé, 1980;
Hiernaux et al., 2022; Poupon, 1980). Details about the measured
structural parameters of the trees can be found in Table A.1. The allo-
metric equations used to calculate the wood and leaf biomasses of trees
are in Table A.2.

2.2.3. Dataset

Meteorological data: Additional climatic data (1990 to 2011) required
for simulations were derived from NASA’s POWER (Prediction Of
Worldwide Energy Resources) dataset (Stackhouse et al., 2018). The
meteorological data collected were air temperature (°C), rainfall (mm),
wind speed (m s71), relative air humidity (%), global radiation (MJ
m’z), and photosynthetically active radiation (MJ m~2). These data
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were based upon products from the Goddard’s Global Modeling and
Assimilation Office (GMAO) Modern Era Retrospective-Analysis for
Research and Applications (MERRA-2) assimilation model. NASA’s
POWER data have already been widely used in several modeling studies
(Ojeda et al., 2017; Savary et al., 2012; Van Wart et al., 2015). Uncer-
tainty estimates of the dataset are based upon comparisons with surface
measurements. Validation results can be found in White et al. (2011,
2008).

N0 and CHy4 Tier 1 data: N3O emissions from manure and CHyg
emissions from enteric fermentation (COseq) were derived from FAO-
STAT domain Emissions (FAOSTAT, 2022). Such data are computed at
Tier 1 of the IPCC Guidelines for National greenhouse gas (GHG) In-
ventories (IPCC, 2006). Annual estimates of N5O emissions from manure
were extracted for the period 2012-2019, as were CH4 emissions from
enteric fermentation in Senegal. Using the area of Senegal, the data for
the whole country were downscaled to CO eq ha™! to calculate the
emissions at the Dahra field site. Fluxes were converted to CO5 equiv-
alents using the 100-year global warming potential (IPCC, 2014).

2.3. STEP-GENDEC-N20

2.3.1. Model description

STEP-GENDEC-N,0 is a 1D coupled, process-based model developed
for Sahelian herbaceous savannas (Bigaignon et al., 2020; Delon et al.,
2019; Moorhead and Reynolds, 1991; Mougin et al., 1995). It simulates
a set of processes that describe the cycling of water, C, and N between
the atmosphere, vegetation, and soil at a 1-day temporal resolution.
Specifically, the STEP model simulates the water budget and herbaceous
vegetation growth (Mougin et al., 1995). GENDEC then simulates the
dynamics of microbial activity and the decomposition of buried litter
(Moorhead and Reynolds, 1991). The NoO emission module from Big-
aignon et al. (2020) simulates the N3O emissions from nitrification and
denitrification processes. STEP-GENDEC-N2O model is forced daily by
rain, global radiation, air temperature, wind speed, and relative air
humidity at 2 m height.

In the STEP model, the amount of the water infiltration into the soil
profile is determined from rainfall intensity (at the daily scale) and the
soil’s surface characteristics. The soil water is distributed within four
soil layers (0-2 cm, 2-30 cm, 30-100 cm and 100-300 cm) according to
a tipping bucket scheme (Manabe, 1969). Soil water contents at field
capacity and at the wilting point are derived as a function of soil texture
(Delon et al., 2019). Actual soil evaporation and plant transpiration are
simulated following the Penman Monteith approach (Monteith, 1965).
Vegetation plays a strong role in the water budget through the plants’
interception and transpiration of water, as well as by reducing evapo-
ration from the soil surface. For each vegetation component, the STEP
model calculates the associated cover fraction via an equation that is
based upon the Beer-Lambert law of light extinction. The calculation
takes into account the corresponding Leaf Area Index (LAI) (Mougin
et al., 2014). The proportion of bare soil exposed to solar radiation (=1
the total ground-cover fraction) is used to calculate soil evaporation and
(indirectly) soil water content. The soil C content is calculated from the
total litter input, while soil N is derived from the quantity of C and the
litter’s C/N ratio (Delon et al., 2015). In other words, the model assumes
that C and N are added to the soil’s existing stocks via decomposition (by
soil microflora and microfauna) of litter that was incorporated into the
profile through (for example) trampling by livestock. Inputs might also
occur through the actions of insects and small animals.

Aboveground and belowground plant respiration was partitioned
into amounts for growth and maintenance. As inputs for simulating
microbial respiration, GENDEC used STEP’s values of soil moisture, soil
temperature, and biomass (i.e., herbal mass, herbaceous root mass,
ligneous, and fecal matter from livestock). NoO productions and emis-
sions from nitrification and denitrification were simulated using DNDC’s
(DeNitrification-DeComposition) equations (Li, 2000; Liu, 1996),
adapted to the semi-arid region as described in Bigaignon et al. (2020).


http://www.imago.ird.fr/moyens-analytiques/dakar
http://www.imago.ird.fr/moyens-analytiques/dakar

Y. Agbohessou et al.

For the denitrification process, the threshold value of water-filled pore
space (WFPS) i.e., the ratio of volumetric soil water content to total soil
porosity was set to 26 %.

2.3.2. Model setup and initialization

The STEP-GENDEC-N2O model simulated a nine-year period
(2012-2020). This simulation was preceded by a 6-year spin-up time to
allow the carbon and nitrogen pools to stabilise. The soil conditions,
vegetation state, and animal load used for initialising the model are
detailed in Table A.1. The other initial parameter values were retrieved
from previous studies that ran the model for the same site (Bigaignon
et al., 2020; Delon et al., 2019).

The main model parameter values and equations used for nitrifica-
tion and denitrification can be found in Tables A.4 to A.7 of the Ap-
pendix. To recalculate the cover fraction associated with each
vegetation component (green, dry, and litter), the model adapted an
equation that Mougin et al. (2014) developed for estimating vegetation
cover fractions in Mali. This equation is based upon Beer-Lambert’s law
of light extinction, taking into account the corresponding LAIs of green
and dry vegetation.

fCover, =1 — exp(70.431 *LAIS) (@D)]
SfCovery = 0.75 — exp(0.319 % LAl,) 2)
fCover; = 0.5 — exp (0.069 * lAIg) 3)

fCoverg, fCoverg, and fCover; are respectively the cover fractions for green
biomass, dry biomass, and litter biomass. LAI; and LAl are respectively
the LAI of green and dry vegetation.

2.4. DynACof

2.4.1. Model description

DynACof is a generic, open-source (https://vezy.github.io/DynACo
/) tree-growth model that was developed (initially) to simulate the
growth, yield, C balances, and water balances of one or two layers of
perennial plants. Its original application was to coffee grown in plan-
tations—either as a monoculture, or under a sparse top layer of trees in
agroforestry systems (Vezy et al., 2020). DynACof is 1-D, with a one-day
time step. The model is generic for perennials, and includes a pruning
module that can be adjusted to simulate local conditions. In this study,
we adapted the top-layer (shade-tree) module specifically to simulate
the Dahra site’s sparse tree canopy, which is dominated by A. raddiana
and B. aegyptiaca. We simulated each of these species separately, then
summed the results to find the values for the entire tree layer. The
following were simulated at a one-day time step: tree layer autotrophic
respiration, net primary productivity (NPP), gross primary productivity
(GPP), and mortality of the tree components (leaves, branches, stems,
and roots). A more detailed description of the model can be found in
Vezy et al. (2020).

2.4.2. Model setup and initialization

DynACof was run for a simulated thirty-year period (1990-2020).
We chose that duration based upon local testimony and the assumption
that the average tree at the site is at least thirty years old. (No dendro-
chronological data is available.) The meteorological data for driving
the model during 1990-2011 (i.e., air temperature, rainfall, global ra-
diation, wind speed, relative air humidity, and photosynthetically active
radiation) were derived from NASA’s POWER dataset (Stackhouse et al.,
2018). Meteorological data for 2012 to 2020 were from measurements
at the Dahra field site. The tree density at the site is 29 trees ha™! for
A. raddiana and 52 trees ha! for B. aegyptiaca. Trees are pruned
frequently to feed livestock during the dry season usually just before the
wet season starts. According to local testimony, B. aegyptiaca is the main
species being pruned. The parameter values used for adapting the model
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are detailed in Table A.2.

Our simulation of litter inputs from trees was based upon the
observation that dead branches are exported from the site and used for
firewood. Thus, the trees’ contribution to soil organic matter consists of
dead leaves and tree roots. In our simulation, STEP-GENDEC-N-0 used
each year’s simulated annual production of that material as an input at
the beginning of the following year (Appendix B, Fig. B.1). This practice
allowed us to account for the contribution of tree litter to the total soil
organic carbon in STEP-GENDEC-NO. Then, to quantify the subsequent
year’s CO, flux distribution between tree and herbaceous vegetation,
and to calculate the ecosystem’s CO5 flux, we combined the tree auto-
trophic respiration and GPP (as simulated with DynACof) with Reco and
GPP (as simulated with STEP-GENDEC-N50). We computed the tree NEP
(Net Ecosystem Production: the total amount of C stored in trees yr™!)
as:

NEPree = GPPryee — Ragyee — Rhgree — (Branchepypons + SteMpspons) 4
where NEPry. (tCha™? yr‘l) is the trees’ contribution to ecosystem NEP;
GPPrye, is the tree layer’s GPP; Raryr. is the tree layer’s autotrophic
respiration; Rhry. is the heterotrophic respiration due to the decompo-
sition of tree litter; and Branchegxpors and Stemgxports are respectively the
amounts of carbon in the tree branches and stems that are exported from
the site.

2.4.3. Model calibration

A multi-objective calibration approach was used when adapting the
model to A. raddiana and B. aegyptiaca. We calibrated the trees’ GPP, R,
and transpiration with EC measurements from the second-half of the
dry-season. The reason for this choice of calibration is that during that
period, there is no herbaceous vegetation at the site, and the soil is
extremely dry. Therefore, we assumed that the soil’s contribution to
evaporation and respiration was negligible at that time. The leaf and
wood biomass simulated by DynACof were validated for each tree spe-
cies with biomass calculated from measured data, using allometric
equations found in the literature (Fig. B.4 and Table A.3).

2.5. Models’ boundaries

We assumed that livestock affect only the inputs of C and N to the
soil. Transhumance was not simulated. The STEP-GENDEC-N,O model
takes into account the C and N inputs to soil from the livestock’s feces,
and from the litter that livestock incorporate into the soil profile via
trampling. The incorporation of that material facilitates mineralization
of N, but STEP-GENDEC-N,0 does not simulate the expected enhance-
ment of vegetation growth. Therefore, the model may underestimate the
grass’s GPP. STEP-GENDEC-N»0 includes the trees’ above- and below-
ground litters, which participate in soil heterotrophic respiration and
N-O emissions. However, CH4 emitted directly by the livestock are not
simulated. DynACof simulates sparse trees and accounts for pruning, but
is not limited by availability of N and water. We assumed that trees are
deeply rooted and access deep water resources.

2.6. Summary of the modeling workflow

We first calibrated the water and C balances in STEP-GENDEC-N50,
whose DynACof model had been adapted previously to simulate CO;
fluxes of tree layers. Next, we improved the parameterization of N,O
emissions in STEP-GENDEC-N20. Lastly, we estimated the impact of
livestock upon ecosystem GHG emissions, and computed the trees’ off-
setting potential. We also conducted an uncertainty analysis (UA) via
Monte Carlo simulation (MCS), as well as a sensitivity analysis (SA)
using Sobol’s method (Sobol, 2001) (See appendix C for details).


https://vezy.github.io/DynACof/
https://vezy.github.io/DynACof/
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2.7. Statistical analysis

The “goodness of fit” of the model’s predictions was assessed by
calculating the model efficiency (EF), the root mean square errors
(RMSESs), and the mean predictive error (BIAS). EF (also known as the
Nash-Sutcliffe efficiency (NSE)) assesses the model’s predictive ability.
EF is calculated as one minus the ratio of the error variance of the
modeled time-series, divided by the variance of the observed time-
series. For a perfect model with an estimation-error variance equal to
zero, the EF equals 1 (Vezy et al., 2021). RMSE assesses the accuracy of
the model, while BIAS measures the absolute differences between ob-
servations and the simulated values.
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3. Results
3.1. Soil water content (SWC) and evapotranspiration (ET)

Simulated SWC ranged from 3 % (the wilting point) to 15 % (field
capacity). The model represents seasonal dynamics of the SWC quite
well over the entire study period (Fig. 2(a) and (c): EF = 0.67, RMSE =
1.38 %, and BIAS = 0.19). At the end of the 2014 wet season, the
simulated SWC decreased more rapidly than the observed SWC, but
decreased more slowly in 2017.

Seasonal dynamics of daily ET are also represented well by the model
(Fig. 2(b)), which explains 65 % of the daily ET variability (Fig. 2(d)).
Although the model tends to underestimate high ET rates (Fig. 2(d):
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slope = 0.62 and BIAS = —0.09 mm), there is good overall agreement
between simulated and observed daily ET throughout the study period
(Fig. 2(d): EF = 0.65, RMSE = 0.97 mm d™h.

3.2. Herbaceous aboveground biomass (AGB), and the soil C and N

Simulated values of the herbaceous AGBs agree well with field ob-
servations (Fig. B2(a)), even though the AGB is overestimated for the
years 2013-2015.

Ranges of the values from the simulation are consistent with those of
the measurements, although the model underestimated soil C in 2018
and 2020 (Fig. B2(b)). Similar dynamics of soil C content were found at
the Dahra site by Elberling et al. (2003b, 2003a). Simulated soil C and N
contents exhibited seasonal fluctuations, peaking in the middle of the
515 mm 355 mm

332mm 271mm
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dry season and decreasing at the end of the wet season. These fluctua-
tions highlight a rapid soil C turnover due to short term decomposition
processes (Moorhead and Reynolds, 1991). This result is consistent with
the observation that during the course of the rainy season, the soil’s C
content is reduced by decomposition of litter. The C content is then
replenished with new buried litter at the beginning of the next dry
season. The average measured and simulated soil C contents are 0.27 +
0.03 % and 0.23 + 0.02 %, respectively. The average N content from the
simulation (0.02 %) is equal to the measured value, although the un-
certainties are slightly different (simulated = +0.001 %; measured =
+0.002 %).
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3.3. COg fluxes: gross primary productivity (GPP) and ecosystem
respiration (Reco)

The model captured the GPP’s seasonal dynamics well, but failed to
reproduce the maximum daily GPPs that were observed in 2016 and
2019 (Fig. 3(a)). Despite its difficulties with some daily values (EF =
0.49), the model has a low bias (BIAS = 0.15), and reproduces the
overall observed dynamic quite well (Fig. 3(a) and (c)). Simulated Re¢,
values (i.e., the total amounts of CO, emitted by vegetation and soil
microbes) generally agreed with the observed values, although for some
of the years the models did not capture the observed maximum values
(Fig. 3(b)). The models explained 56 % of the daily R, variability, with
an RMSE of 1.34 gC m~2d! and a bias of —0.01 gC m24d7! (Fig. 3(d)).

Observed annual GPP values ranged from 5.72 to 10.29 tC ha! yr~!
(average: 8.01 + 1.40 tC ha! yr’l). Simulated annual GPP values
varied from 5.89 to 9.55 tC ha~! yr~! (average: 7.27 + 1.11 tC ha*
yr‘l). The simulated annual GPP is close to the measurements for all
years except for 2015, where the value from the simulation is consid-
erably lower than observation (by 2.2 tC ha~! yr~!). Simulated annual
Reco values ranged from 5.14 to 7.28 tC ha~! yr! (average: 5.78 + 0.6
tC ha™! yr*l), while observed annual R, values ranged from 4.38 to
8.29 tC ha™! yr ! (average: 5.81 + 1.33 tC ha ! yr!). Overall, the
simulated annual CO fluxes agreed well with the observations.

Over the course of the study period, the tree layer’s simulated daily
GPP ranged from 0.09 to 2.11 gC m~2d7!, and the Reco ranged from 0.19
to 0.92 gC m24d! (Fig. B.3(c) and (d)). For the same time frame, the
herbaceous layer’s simulated daily GPP ranged from 0.00 to 13.41 gC
m2d™!, and the Reco ranged from 0 to 8.53 gC m~2d"L. The simulations
showed that trees contributed significantly to the annual fluxes (Fig. 4
(b)). Specifically, the tree layer’s average annual GPP was 2.68 + 0.31
tC ha™? yr_1 (=37 % of total annual GPP) and its annual average Reco
was 1.86 + 0.17 tC ha™! yr’1 (=32 % of total annual Rec,). For the
herbaceous layer, the average simulated annual GPP was 4.59 £+ 1.20 tC
ha_i yr‘i, and the average simulated annual Re., was 3.91 + 0.74 tC
ha " yr .

3.4. N0 emissions

The simulations did not capture the observed values in 2013, but the
agreement is good for the year 2017. In addition, the observed values are
of the same order of magnitude as those from the simulations (Fig. 5(a)).
The relationship between the simulation and the observations is weak
(EF = —2.03, RMSE of 3.27 ngN m™ s7!). This is primarily attributed to
disparities observed during the second campaign of 2013, due to prob-
able spatial heterogeneity not represented by the model, and the limited
availability of measurement data points. Additionally, it’s important to
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note that significant emissions events may not have been measured,
given the short duration of the measurement campaigns (Fig. 5(b)). The
simulation showed that N,O emission pulses occurred after the first
rains. For 2013, the simulation showed an N,O pulse of 35.69 ngN-N,0O
m~2 s7! just after the first rain. The simulation showed that this pulse
occurred on the same day as the study period’s largest daily N.O
emission. The simulation also predicted that the largest daily N»O fluxes
occur during the wet seasons. Moreover, the simulation estimated that
the wet season’s total NoO emissions ranged from 65 % of the yearly
total in 2018 to 80 % in 2012 (Fig. B.6(a)). Over the course of the study
period, the simulated total annual N»O emissions ranged from 0.25 to
0.46 kgN-N20 ha ! yr~!, with an annual mean of 0.31 + 0.06 kgN-N2O
ha! yr’1 for the entire study period (Fig. B.6(a)).

Nitrification was the main process contributing to total NoO emis-
sions. In 2013, it accounted for 0.24 kgN-N,0O ha! yr~! (=76 % of the
yearly total), and for 0.28 kgN-N,0 ha~! yr™! in 2016 (=92 % of the
yearly total). The annual means of NoO emissions by nitrification and
denitrification were 0.27 + 0.05 and 0.05 + 0.02 kgN-N,O ha ! yr !,
respectively (Fig. B.6(b)). Because the WFPS threshold was set to 26 % in
the model, denitrification (according the model) occurred only during
the wet season, which lasts an average of 100 days per year.

3.5. Impact of livestock manure upon COz and N2O emissions

To assess the impact of livestock upon CO5 and NO emissions, we
ran a modeling scenario with no livestock. That is, the animal load was
set to zero, with all other model parameters left unchanged. In this
scenario, the decreases in annual CO5 emissions ranged from 54 % in
2013 (0.73 tCha ! yr~!) to 80 % in 2019 (1.27 tC ha~! yr™1) (Fig. 6(a)).
The decreases in annual N5O emissions ranged from 76 % in 2013 (0.32
kgN ha! yr_l) to 93 % in 2018 (0.25 kgN ha! yr_l) (Fig. 6(b)). These
large relative reductions in NoO emissions are attributable to the notable
impact of livestocks upon denitrification processes. The results from this
scenario showed that the impact of livestock was relatively greater upon
N20O emissions than upon CO; emissions.

3.6. The trees’ potential for offsetting emissions

According to the simulation, trees were C sinks throughout the study
period, and stored between 0.86 and 2.08 tCOzeq ha ! yr~! of CO,
(average = 1.29 + 0.43 tCO2eq ha™! yr‘l; Fig. 6(c)). Those values,
which do not include the exported stems and branches (see the calcu-
lation of NEP, Eq. (4)), are consistent with the known range of tree net
productivity in the Dahra SPS. (That is, if the net productivity takes into
account the amount of CO; emitted by trees through respiration, and the
amount of C lost through pruning.) The above-mentioned average
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annual C storage (1.29 + 0.43 tCOseq ha™! yr™!) is an order of magni-
tude greater than the mean annual increase in N3O emissions due to
livestock at the site (0.10 + 0.03 tCOeq ha—! yr™!). The trees’ average
annual C storage is also an order of magnitude greater than the site’s
mean annual CH4 emissions from enteric fermentation (estimated as
0.28 + 0.01 tCOseq ha™! yr~! from the FAO Tierl dataset). A study of
these values shows that the trees’s average annual C storage exceeds the
combined Ceq of the livestock-associated N2O and CH4 emissions by
about 0.9 tCOzeq ha! yr’l. Therefore, in the Dahra SPS (with
approximately. 81 trees ha~! and an animal load dominated by cattle,
goat and sheep), the trees completely offset the CH4 and N2O emissions
from the livestock. Thus, the trees also store a significant fraction of the
increased CO2 emissions (=3.85 + 0.59 tCO2eq ha! yr’l) from the
livestock. More specifically, the trees offset 17.83 % to 40.68 % of the
total annual GHG emissions from the livestock at the site (Table A.8).

4. Discussion
4.1. Ability of STEP-GENDEC-N-O to simulate water fluxes

Overall, the model estimated water fluxes well. This result confirms
Grippa et al. (2017) finding that STEP-GENDEC-N20 performs well in
simulating water fluxes of semi-arid ecosystems. STEP-GENDEC-N,0
models the topsoil, which we define as the upper 2 cm of the soil profile,
as a shallow layer that is unstable because it is affected by wind and
water erosion. This layer determines the resistance to surface evapora-
tion, which itself controls soil evaporation. The processes that produce
GHG in the soil take place primarily in the second layer (2-30 cm), and
depend heavily upon the availability of water for microbial activity.
Therefore, to ensure that the model represents the soil’s
GHG-production processes realistically, it is important to simulate the
water content of this second layer accurately. According to our simu-
lation, the fastest water losses occurred at the end of the 2014 wet season
(Fig. 2(a)), and could be due to faster water drainage at that time. The
model uses the tipping-bucket approach (Manabe, 1969), in which any
excess water within the second soil layer is transferred down to the third
layer. Therefore, simulated SWC values of the second layer cannot
exceed the field capacity (Delon et al., 2015). This characteristic of the
modeling explains why the highest simulated SWC values were
approximately 15 % (Fig. 2(a)). The simulated SWC responded rapidly
to rainfall events throughout the study period because infiltration is very
fast (several decimeters per day) in the study site’s sandy soil (sand
content >85 %). Consequently, within 2-3 days after a rainfall the rapid
infiltration will cause the topsoil’s SWC to drop to its previous (dry)
value. Because this rapid drying reduces the simulated water availability
at the soil surface, the model underestimates soil ET during wet seasons
(Fig. 2(b)).

4.2. CO balance of the Dahra SPS

During dry seasons, the observed Re, flux comes largely from trees
(Fig. 3) through autotrophic respiration. Indeed, no herbaceous vege-
tation is present on the site during that season. In addition, the soil is
dry, and microbial activity is inhibited. In contrast, during wet seasons
the main processes responsible for CO, emissions are soil microbial
respiration and the autotrophic respiration of herbaceous vegetation.

The annual means of simulated and observed GPP were lower than
Tagesson et al.’s (2015) previous observations at the same site, which
ranged from 9.35 to 12.63 tC ha™! yr~! between 2010 and 2013. For
Reco, Observations and simulation are comparable to previous observa-
tions at Dahra site, which ranged from 6.37 to 8.52 tC ha™! yr!
(Tagesson et al., 2015). These CO, fluxes at Dahra (i.e., these Reco
values) are higher than the published values for other semi-arid sites; e.
g., the 3 tC ha™! yr™! of Rec, observed in Niger by Hanan et al. (1998).
This high productivity observed at the Dahra site was attributed to the
relatively high concentration of soil nutrients that accrued from animal
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excreta (Tagesson et al., 2015). Other studies have also highlighted the
impact of livestock upon the spatial distribution of soil nutrients in SPS
(Manlay et al., 2004; Schlecht et al., 2004). Overall, simulations and
observations indicated that the site was a C sink (GPP > Re¢o) for all
years of the study period. However, this result is only apparent, since the
eddy-covariance tower does not take the mineralization of exports into
account.

4.3. N30 emissions: specific processes of the Dahra SPS

When SWC approaches or exceeds field capacity, the percentages of
soil pore space filled with air or water (WFPS) are better indicators of
aerobic and anaerobic microbial activity than water content, or water
potential (Aulakh et al., 1992; Miller and Johnson, 1964; Sommers et al.,
1981). Analyses carried out on soils in temperate regions found that the
theoretical WFPS threshold for denitrification ranges from 40 % (Liu,
1996) to 70 % (Firestone and Davidson, 1989). These thresholds are
higher than the maximum WFPS (30 %) observed at Dahra by Bigaignon
et al. (2020). At low WEFPS levels in semi-arid soils, denitrification may
occur either via processes in anaerobic microsites, or via “aerobic
denitrification” (Bateman and Baggs, 2005; Carter et al., 1995; Patureau
et al., 2000). Indeed, Bateman and Baggs (2005) have shown that aer-
obic denitrification can occur even at a WFPS as low as 20 %. In a
previous study that simulated N2O emissions at Dahra, Bigaignon et al.
(2020) used STEP-GENDEC-N,O with a WFPS threshold of 9 % well
below the 40 % used in the original DNDC module (Liu, 1996). Biga-
ignon et al. (2020) argued that even at this low WFPS (9 %), denitrifi-
cation can occur because it is a microbiologically broad process, and the
denitrifier community can change with climate, soil, and vegetation
type (Lietal., 2019; Meng et al., 2017). However, the value of 9 % WFPS
for triggering denitrification processes needed to be re-evaluated in light
of the existing literature. In this study, after testing WFPS threshold
values ranging from 9 % to 30 %, we chose 26 % because in the simu-
lation, that value triggered N,O fluxes of the same order of magnitude as
the N3O fluxes that Delon et al. (2017) and Bigaignon et al. (2020)
measured at Dahra in 2013 and 2017. Discrepancies between our
modeled November 2013 fluxes and the measured ones may be
explained by a combination of the measurement’s spatial variability and
the model’s use of plot-scale averages. The dominant contribution of
nitrification to the total NoO emissions from semi-arid soils has been
assessed in previous studies (Parton et al., 1996; Wang et al., 1997), but
not in African soils (to the authors’ knowledge). Our results indicate that
denitrification occurs rarely in semi-arid soils with low WFPS, and does
not last long, but does emit large amounts of N,O. However, because
denitrification is less frequent, it probably contributes less to the annual
N2O emissions (Fig. B.6(b)). Therefore, nitrification might be the
dominant process leading to N2O emissions in semi-arid soils with low
WEFPS. Support for this idea is found in the recent work of Zhang et al.
(2023), whose high-resolution isotopic analyses revealed that N,O
emissions from the soil of a semi-arid grassland in China originate pri-
marily from nitrification.

In our simulations, the seasonal and interannual dynamics of NyO
emissions were controlled by SWC and (indirectly) by precipitation. NoO
emission peaks occurred after each major rainfall event, especially at the
beginnings of wet seasons. This result is in line with previous studies that
showed a strong seasonal trend in which NyO emissions from semi-arid
ecosystems peaked at the beginnings of wet seasons (Bigaignon et al.,
2020; Briitmmer et al., 2008; Jarvis et al., 2007). Our simulated annual
mean of N2O emissions (Fig. B.6(a) and (b): 0.37 &+ 0.11 kgN-N,O ha!
yr~1) is of the same order of magnitude as the 0.3 to 0.67 kgN-N,0 ha ™
yr~! range that was estimated in previous studies on African savannas
(Bigaignon et al., 2020; Briimmer et al., 2009; Kim et al., 2016). In
addition, the CO2eq values of our simulated annual N,O emissions (0.10
to 0.19 tCOzeq ha™! yr™') were comparable to the estimates derived
from FAO TIER1 (0.13 to 0.15 tCO2eq ha—* yr™!) (Fig. B.6(c)).
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4.4. Impact of livestock manure upon N,O emissions

A comparison between the simulations that were run with and
without livestock shows that the livestock manure leads to an increase of
76 to 93 % in the total annual N,O emissions of the Dahra SPS (Fig. 6
(b)). The impacts of livestock upon N budgets and N,O emissions have
been highlighted in previous studies on African sites. For example,
Delon et al. (2022) use of rare in-situ measurements in combination with
published data showed that the SPS of Dahra has an unbalanced N
budget that favors N depletion, and is dominated by the impact of
livestock through inputs of N (via manure) and removal of N via grazing.
Another study, carried out in Kenya by Butterbach-Bahl et al. (2020),
showed that livestock enclosures are an important source of N2O emis-
sions in African drylands. Livestock affects N2O emissions through
grazing and the related deposition of N via excreta (Dangal et al., 2020).
The impact of livestock upon N2O emissions is actually a result of an
increase in soil C, N, and ammonia.

4.5. Trees offset GHG emissions substantially in the Dahra SPS

Using DynACof and STEP-GENDEC-N,0, we quantified the trees’
significant contribution to annual CO3 fluxes in Dahra (Fig. 4(b)). Even
though the daily CO5 fluxes from the tree layer are smaller than those
from the herbaceous layer during wet seasons, the trees end up
contributing significantly to the total CO, fluxes because they are pre-
sent in the site throughout the year, while herbaceous vegetation is
present only during the wet season (which lasts an average of about 100
days per year). This significant contribution of trees confirms the key
role that they play in SPSs. In addition, it is well known that trees have
the potential to sequester large amounts of carbon (Mbow et al., 2014).
Thus, the presence of livestock within an SPS has a significant impact
upon GHG emissions. A great advantage of SPSs over pasture is that the
trees can potentially offset the increases in GHG emissions due to live-
stock. By quantifying this potential, we found that in the Dahra SPS
(with approx. 81 trees ha’l), the trees store between 0.86 and 2.08
tCOzeq ha™! yr~! of CO,, thereby offsetting 17.83 to 40.68 % of the
increases in GHG emissions that are due to livestock.

4.6. Limitations and uncertainties related to the simulated results

The scarcity of measurement data for the site’s N3O emissions
limited the comparisons that could be made between measurements and
model outputs. Other limitations may result from both the way in which
the model represented the underlying processes of CO5 and N2O emis-
sions, and the values of the key parameters that were used. The simu-
lated results could be improved significantly by reducing the
uncertainties related to the most sensitive parameters (Fig. Ca & Cb).
Additional field studies are needed to improve the representation of key
processes like nitrification and denitrification in semi-arid ecosystems.
Because the model runs only at a one-day time step, it may smooth
pulses in the CO, and N3O fluxes. Although these pulses typically last
less than a day (according to observations), they may contribute
significantly to annual fluxes (Brumme et al., 1999). Some authors
mention the occurrence of fluxes of NyO from the atmosphere to the soil
a phenomenon that may lower the net emissions of GHG (Chapuis-Lardy
et al., 2007; Liu et al., 2022; Wen et al., 2017; Xia and Wander, 2022).
N2O uptake may occur at atmospheric pressure when NyO is slightly
soluble at the soil surface, thereby providing N2O for consumption in
subsequent biochemical reactions (Liu et al., 2022). However, to the
authors’ knowledge no equations are available to simulate such N,O
uptake, which remains low for low WFPS. Nor do equations exist for
simulating consumption of N2O. Because the STEP-GENDEC-N>0 model
does not take N»O uptake into account, the model may overestimate NoO
emissions. However, this possibility is difficult to investigate at present
(at least for low values of WFPS) because the literature does not provide
any order-of-magnitude estimates of the possible overestimation.
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According to our simulations, the livestock have a great impact upon
soil heterotrophic respiration (Section 4.4). However, our model did not
include enhancement of herbaceous GPP, or the enhancement of auto-
trophic respiration that results from increased N mineralization of the
litter that is trampled into the soil by livestock. (That is, the model does
not include any feedback between the additional N that livestock make
available to vegetation by trampling, and the increased vegetation that
can therefore be trampled into the soil.) The omission of these processes
may increase the uncertainties of the C balances and the net CO fluxes
from herbaceous mass. Note, too, that the model does not account for
carbon exported from the site due to livestock mortality.

We stress here that for at least three reasons, our estimate of the
trees’ offsetting potential can be considered conservative. First, the
grazing pressure in Dahra is four times higher than the average for Sahel
(Gilbert et al., 2018). Secondly, the model omits the manure’s stimula-
tion of plant productivity. A third reason is that the models do not take
the potential capture of N,O into account. An additional consideration is
that STEP-GENDEC-N,O and DynACof are not coupled: in our study,
DynACof simulates the tree layer, exclusively. As a result, the only
interaction between the two models is that the tree litter simulated by
DynACof feeds the soil’s organic-carbon pool in STEP-GENDEC-N20.
One interaction that is thus overlooked is the effect of the trees’ shade
upon the herbaceous layer. We assumed that because the tree cover at
the Dahra site was sparse, it had little effect (either negative or positive)
upon the grass’s seasonal above- and below-ground production. This
assumption is probably accurate at the whole-site scale, given the low
tree density, but the trees may have a localized effect upon grass growth
beneath their crowns.

4.7. Impacts

We have shown through this study that a process-based model can be
used to realistically quantify the emissions of CO5 and N2O from silvo-
pastoral systems over several years. This time scale can hardly be
covered by field measurements. Therefore, the process-base model can
fulfil the valuable function of providing important long-term statistics
on the carbon and nitrogen footprints of Sahelian silvopastoral systems.
We showed through this modeling exercise that livestock have a sig-
nificant impact upon the ecosystems’ CO and N2O emissions. However,
the impact is reduced in silvopastoral systems thanks to the presence of
trees that sequester carbon.

The overall role of livestock in the input and sequestration of carbon
(including methane) needs to be assessed more intensively, with the goal
of providing an objective assessment of GHG emissions from SPSs in
general. To reduce CO, and N3O emissions in Sahelian silvopastoral
systems, policy makers should develop concrete livestock-management
policies that are adapted to the Sahel. Some initiatives of this sort are
underway, and Senegal is already aiming at promoting sustainable land-
management technologies, such as agroforestry (Ministere de I"Envir-
onnement, du Développement durable et de la Transition écologique du
Sénégal, 2015). Among the lines of thought to consider are increasing
the density of tree cover, improving tree management, offering alter-
natives to wood energy, and controlling the seasonal movements of
livestock. At present, implementation of mitigation strategies in the
Sahel is very challenging because of incomplete inventories of the three
main GHGs (COy, N3O, and CH,4), and insufficient data on the pop-
ulations and movement of livestock. Therefore, in order to implement
mitigation policies and participate in reducing the rate of climate
change, Sahelian countries need institutional structure, investments,
and reliable data on GHG emissions from different ecosystems (e.g.,
livestock systems, silvopastoral systems, and agro-silvopastoral
systems).

5. Conclusions

Our study demonstrated that process-based models can successfully
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simulate CO, and N,O emissions at the ecosystem scale, thus providing
insights into the possible long-term biophysical control of those emis-
sions. Simulations indicated that nitrification is the dominant process
leading to N2O emissions in semi-arid soils with low WFPS. We showed
that in a silvopastoral system with approximately 81 trees ha™!, and an
animal load dominated by cattle, goats, and sheep, the trees offset 18 %
to 41 % of the increases in total GHG emissions from the livestock. The
modeling approach developed in this work can be useful for informing
policies for climate-change adaptation and mitigation in Sahelian SPSs.
However, more field data on GHG emissions, livestock populations, and
livestock movements are needed to develop a full picture of the carbon
footprint of Sahelian SPSs.
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