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31  Abstract
32  Inthe West Affican drylands, @()()scqucstramn is seen as one of the prominent strategies to
33  both enhance the resilience of agro-ecosystems and mitigate global greenhouse effects.
34 However, there is a dearth of baseline data that impede9 the design of site-appropriate
35 recommended management practices (RMPs) to improve and sustain SOC accrual. In this
36  study, the Land Degradation Surveillance Framework (LDSF), a nested hierarchical sampling
ke
37  designywas used to assess SOC stock and*lts spatial variability across the semi-arid zones of
38  Ghana (Lambussie), Burkina Faso (Bondigui) and Mali (Finkolo). Soil samples were co]lcctcd d et
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20cm) n $12C L [Dplats perelvsior

from three sites &F 100 km? stratified into 16 clusters ‘and 160 plo Land-thma&er Sm] (1{6 "D
mid- infrored Cachsity
pa:%ars were then analyzed using MHR spectroscopy. Regardless of'soil mw, Sff;‘toragc atthe $HeS

wﬁh:?&%-—cmﬁdsnwﬁlem._mm_landscapcs._pmnﬂﬂbl ranged between - one
112,200%14,000 and 253,000+34,000 Mg C comespending 1o 411,400+51:333 - Mg €Or=eq

and 927,666,74124:666.7 Mg COz=eqimthe entire-study-arca. On.the-otherhand,-investigation
Soil orgamac ¢

on the_potential —of climate—change —mitigation—through  SOC_revealed_contrasted-figures—as-

accumulation rates in cultivated lands ranged from 0.04 to 0.18 Mg C ha! yr! and are-balaneed
ending cn seal fayer am
by_higher depletion rates of -0.004 to - 0.73 Mg ha' yr';l Ihis indicates the potential of semi-
resfor! ¢ This SC-“'IL ot W
arid soils to store el through improved land management practices. Landscapestudy 17t
vsIng @ S anling dasiem
structured in cluster-level apalysis revealed hetemgencrty in the distribution of SOC stocks, & lWJ‘-C&hmi

d$|fﬂ

‘01 hmra.l
rmn%ly ﬁne}' level analys:sf prior 1o effective decision-making about RMPs.
Keywords: Agro-ecosystems, land use, resilience, site appropriate management, soil organic

carbon sequestration, West Africa.
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52 1. Introduction

53 In drylands, biomass production is constrained by the recurrence of drought and poor soil
54 quality (Lal, 2004a). As a result, the capacity of dryland soils to fiunction and deliver key
55  ccosystem services such as food production, climate and water regulation and nutrient cycling
56  are severely undermined. This situation is ®wen worsened by improper or unsustainable land
57 use and poor management practices leading to further degradation. Once set¥in motion, soil
58  degradation brings about an ever increasing downward spiral that leads to decline in soil and
59  environment quality magnified by overgrazing, residue removal and extractive farming (Lal,
60  2015). Indeed, traditional agricultural practices in West Affican drylands are westly dom‘"‘a:‘.c
61 _characterized by extractive farming characterized by the removal of almost all crop residues
62  from the soil surface, which results in decreased soil organic matter (SOM), impaired soil
63  biological activities, weakening of soil structure, and dismptée‘lgn \ﬁlc?u——:li;:;tﬁg‘j fr.é’
64 infiltration, retention and release for plant gmmh)(Balk}m et al, 2007; Karlen and Rice,
65  2015). Generally, soil degradation leads to me&;i}fsoﬂ health, most importantly soil
66  organic carbon (SOC), which is ﬂ?.e key indicator for soil health due to its multiple eflects in
67  enhancing soil functions (Liu etal 2006, Lal, 2015; Stockmann et al,, 2015). SOC influences
68  all aspects of soil fertility as it (i) provides available nutrients to plants, (i) improves soil
69  structure and water holding capacity, (iii) provides food for soil organisms and (iv) buffers

he
70  toxic and harmful substances (Chan, 2010). Thus, depletion of SOC pool in agricultural lands

71  leads to Hc-;:c reduction l“e? si;il carboncts)m}c capacity and increases greenhouse gas (GHG)
72 emission into the atmosphere (Powlson et al., 2011; Lal 2015; Milne et al,, 2015). Therefore,
73  enhancing SOC pools in agricultural lands through recommended management practices
74  (RMPs) is now recognized as a global environmental challenge (Milne et al., 2015). It is also

75  the most realistic and sustainable way to reduce soil degradation (Bationo et al, 2007, Rajan

76 et al, 2010), improve soil health and long-term agricultural productivity (Syers, 1997, Lal,
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2006; Forage et al., 2007; Cowie et al., 2011) and mitigate carbon dioxide (CO2)concentration
in the atmosphere through SOC sequestration (Lal, 2005; Powlson et al., 2011; Plaza-Bonilla,
cuncevdvound, C

et al, 2015). More specifically, increasing SOC-poel in, cultivated lands beyond the
reglace wavh endash suls d

recommended threshold of 15320 g kg is essential to setyin motion soil processes that lead to

soil quality restoration and maintenance (Aune and Lal, 1997; Loveland and Webb, 2003; Lal,

2015). However, to date empirical data related to the response of SOC to land management at

landscape and regional scales are rare. The objectives of the current study were to (i) provide

baseline data of SOC stocks across sentinel sites in semi-arid landscapes of West Africa, where

the Consultative Group on International Agricultural Research (CGIAR) Drylands program is

being rolled out, (i) discuss the potential of SOC storage to mitigalé\'-g,%lbal warming effect,

and (i) make recommendations for site-specific interventions to improve soil health and

enhance agricultural production.

2. Materials and methods

2.1 Study area

This study was conducted along the action site Wa/Bobo-Dioulasso/Sikasso (WBS) of the

CGIAR Drylands Program spanning Ghana, Burkina Faso and Mali with special reference to

the Strategic Research Theme 3 (SRT3) (CRP Drylands Systems, 2012). The objective of

SRT3 \l:a%s to sustainably intensify agricultural production systems in order to achieve food

security and poverty reduction. The study area is a set of three sentinel sites each covering an arct

FM
QO by 10 kn)(lﬂﬂkn:@-)-each located in the semi-arid zones of Lambussie (Upper-East region
of Ghana), Bondigui (Southwestern Burkina Faso) and Finkolo (Southwestern Mali)/

respeetively (Fig. 1). The three sites belong to the Sudanese savanna with an average total
replace I-U'\vﬂ Cﬂd"‘;h
rainfall over 41 years (197052010) of 1014£181 mm, 8414132 mm, and 1109+181 mm in
5;4‘8.‘:
Lambussie, Bondigui and Finkolo, respectively (Fig. 2). They were derived from the network

of the AfSIS program on soils actoss Sub-Saharan Africa (Végen et al.,, 2010). Drought history

% /oOKMZ
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102  across the study sites was analyzed using the Standard Precipitation Index (SPI) as

103  recommended by Bordi et al. (2001). It revealed similar dry years across the sentinel sites
enrs
104 ranging from 18 to 19%out of 41 years (Fig. 2). However, unlke Lambussic which is

105  characterized by an aggregation of drought periods from 1970 to 1976 as well as 1981 to 1992
106  with the driest year being 1986. Bondigui and Finkolo showed a regular distribution of dry

Lyears  Theroge involcs firannval precupruted were
107  and wet yca‘lasa;tlrougmut the anlzjy' riod. Rainfall ranges-in-the-study-sites-were-found-to—

@u;mh\cw
108  be 5]7{51326mm. 61121211 mm,, 75581535 mm in Lambussie (Ghana), Bondigui (Burkina
aw SR

109  Faso) and Finkolo (Mali), respectively. Broadly»Soils of the three sites are sandy loam or finer mm‘hﬁt‘ g
110  and highly weathered soﬂs_whk:h_mchssiﬁedﬁ'}shhjsnls (FAO/EC/ISRIC, 2003; Towett et
111 al, 2015). They are characterized—by slight acidi& with a clay-enriched subsoil and low
112 nutrient{fholding capacity.

of

113  Farming activities are the dominant human activities ji the sites. Across the study areas, lands
dorseedms by filking adegthd §-190vm WnTh oxen-dri-yen pluws -

114  are prepared with_fire—along  with—oxen-driven—plow—at-8-10-em-depth. An overwhelming
115  majority of farmers use organic fertilizers (manure and compost) as inputs to replenish soil
116  fentility. Nevertheless, Wealthier f‘am'lcrsuﬁéqhqorganic fertilizers (NPK\IﬁTOSl it cascs)alhcir
117  fields at t;e rate of 125 kg ha"!, generally two weeks after emergence of seedlings (Becx et al,
118  2012; Sissoko et al, 2013). In Burkina Faso and Mali, cotton cultivation has contributed to
119  the increase of maize yields (main staple food) that takes advantage of the presence of
120  inorganic fertlizers i the soil, thereby contributing to enhancing agricultural production in
121  some areas (Laris et al., 2015).

122 2.2 Field survey and soil sampling

123 Field surveys and soil sampling were carried out from 2009 to 2011 using the Land
124  Degradation Surveillance Framework (LDSF) (Vagen et al, 2013; Vagen et al, 2016).
125  Practically, the LDSF is a spatially stratified hierarchical sampling design targeting land

126  degradation assessment. It consists of qualitative and quantitative field observations on land
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127  use, land geomorphology, soil description and sample collection? vegetation description and

128  characterization within a site of 100 km? organized around 16 clusters ecach composed of 10 e € f

129  georeferenced sampling plots (Fig. 3). Both field survey and soil sample collection were Con‘

130  undertaken at plot (1000 m?) and subplot (100 m?) levels. For each plot, a total of 160 topsoi
U T XL gndash

131 (05 30 em) and 160 subsoil (20250 em) samples were collected and kept in polythene ziplock

132 bags for firther laboratory processing and analyses.

133 In order to avoid high uncertainties in bulk density measurement using the sample corer, the

134  cumulative miass approach was used in this study (Betemariam et al,, 2011). For that, soil was

135  collected with the help of an auger at the center point of each sampling plot at the same depths

136  using a sampling plate to aid fill recovery of the soil sample. Soil samples from each depth

137  were labeled and taken to laboratory for processing and oven-dry moisture measurement.

138 2.3 Soil processing and analyses

139  2.3.1 Laboratory analyses

140  Air-dried standard soil samples were passed through 2 mm mesh of sieve of which 32 top and

141  subsoil samples per site were selected for traditional wet chemistry methods to determine

142  SOC, pH (1:1 solution in water) base cations (Melich-3 extraction) at the Crop Nutrition

143  Laboratory (www.cropnuts.com) in Nairobi, Kenya. Texture was measured using a laser

144  diffraction particle size analyzer after dispersion of soil samples as per the procedure detailed u‘ﬂ

m
v

145 in Winowiecki et al. (2015). AsIor cumulative mzss soil samples,_they were sieved to*fine "
eve g
146  and coarse fragments. Small quantities of each*sample were weighed and oven-dried to derive loﬁc:\:\
cdgv'l““'.m P
147  the grawrnclm water content that-is-to-be used to determine oven-dried soil weight at ()fé{) Az o
(ate Mﬂ\énd“b mu‘o&awﬁ‘_ﬁ
148 and 20050 cm (Betemariam et al,, 2011). The 32 samples were randomly selected from/(cach 054“"“"

149  site ensurﬁg that both topsoil and subsoil were from the 5amc samplin pomt to pred1ct SoC
Ao v mrdinfro m? Sevw The MM%

150 c:{)nc.entr.aum'f‘7 for the remaiing soil aamp!cefgrumiad to < 100 pm with an agate mortar and

151  pestle (Shepherd and Walsh, 2002; Végen et al., 2006; Terhoeven-Urselmans et al., 2010).
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2.3.2 Spectral calibration and soil organic carbon prediction

Mid-infrared Spectroscopy (MIRS), a non-destructive, cost-effective and rapid methodology,

“-ed
was used to analyze all soil samples. The acquired spectra m;_.uscd_lo_st)ﬁéﬂmdicﬂcm
models-SOC concentrations—ol the 32 samples obtainedfrom_a conventional analysis were

calibrated tothe first derivative of the reflectance spectra using partial least squares regression

(PLSR) as recommended by Terhoeven-Urselmans et al. (2010). The regression models were

usingfheir retleciunce sgecho. .

~thereafter used to predict SOC for the rest of the samples under-investigation. The prediction
performance was evaluated using the coefficient of determination (R?) of the PLSR model
along with the root mean square errors of calibration (RMSEC).
2.3.3 Calculation of soil organic carbon stocks and total CO: equivalent
Fora given soil Iay::r:ﬁ.%c stock was calculated by multiplying the earben concentration in

soil fines with bulk density and soil depth (Betemariam etal., 2011):

SOCstock = -1—53 xBdxDx (- frag)x 100, where

-~

- SOCstock soil organic car(J_a_ﬂn stock (Mg C ha'l)
- C = soil organic car%on concentration of soil fines (fraction < 2 mm) determined in the
laboratory (%, g kg'!)
- Bd = soil bukk density (i)
- D = depth of the sampled soil layer (cm)
—‘?frag =% volume of coarse fragments/100
100 is used to convert the unit to Mg C ha!
() Bd = %—, where
M = oven-dry weight of soil (g)
V = volume of soil (cn3).
SOC total stock of a given sentinel site covering 100 km? was estimated by muitiplying the

value by 10 000. The obtained value was converted into carbon dioxide equivalents (CO2-eq.)

SOIL

Discussions
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177 by applying the conversion factor of (44/12) (Danielsen et al., 2009).

) acc.uw\,-ﬁlcd'\w'\ o rh\ﬁ.
178  On.the-other_hand,~SOC storage rate was calculated by dividing SOC stocks by number of

ar\n & < tudt
179  years that a land has been cultivated and semi-natural Stands (Kongsager etal., 2013), which
180  according to farmers, were estimated at 20, 20 and 21 years at Lambussie, Bondigui and
181 Finkolo sites, respectively. In order to assess the potential rate of SOC storage in agricultural
182  lands across sites, semi-natural lands were used as benchmark and compared to cultivated ones
183  (Corsi et al. 2012).
184 2.4 Data analysis
185 The comparison of SOC across sentinel sites was performed using the non-parametric
186  Kruskal-Wallis test along with the pairwise multiple comparison of mean ranks test of
187 Nemenyi. The difference in SOC stocks between semi-natural and cultivated lands throughout
188  the landscape was statistically assessed withj::il';gp—ef the non-parametric Mann-Whitney
189  test. The relationship between SOC stocks and soil texture parameters vwsp:.;h-;a‘sf gra S
190  comptting.a correlation-matrix using Spearman"correlation coeflicient. All statistical analyses
191  were done using R software version 3.2.2 (R Development Core Team, 2015) at a significance
192  level of 0.05.
193 3. Results
194 3.1 Land use characterization
195  In general, the landscapes under investigation are flat with altitudes varying between 273 and
196 432 m?(flondigui: 273.2+12.6 m; Lambussie: 301.5+3.8 m; Finkolo: 431.8£12.6 m). The main
197  land-use type} imI{u?Je parklands associated with food crops (Table 1). Keystones tree species
198 mcia':éy Vitellavia paradoxa. Parkia biglobosa, Bombax costatum and sometimes, exotic fruit

o

199  wees such as Mangifera indica.”Citrus lemon wereregularly—found—across—sites,  Within The
wst
™
200  parklands, crops were sewn-if-t f fallow/food crop rotations or recurrent cropping in

201 Lambussie, Ghana. Mango orchards / maize (Zea mays) association, cotton (Gossypium
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202 hirsutum) /maize rotation? millet (Pennisetum glaucum) / cowpea (Vigna unguiculata) rotation 5
s
203  were the most dominant' in Bondigui, Burkina Faso. Finally, cotton/maize rotations
xw
N
204 maize/sweet potato (Ipomoea batatas) association’ M. indica/food cropsv;l]ley cropping in
e cond
205 mango and Citrus lemon orchards were found in Finkolo, Mali. Furthermore.- he pﬁm &Ver“?"
s werl
206 olﬁﬁsfnqzﬁmas under cultivation was.on_average 44+0,02% in Bondigui, 71£0.02% in
207  Lambussie and 52+:0.03% in Finkolo (Table 2).
208 3.2 Soil baseline data of sentinel sites
209  Soils of all sites were slightly acidic (pH 5.3 to 6.7) for both soil layers (Table 3). The values
Total C Tomi N and Co {or Yethsal luycrs
210  of pH,and SOC were statistically lower at Finkok in-the_topsoil—as compared with the two
211  other sites. Tolal-N-content—followed.almost-thesame-trend-and-displayed—low-cencentrations
212 throughout_the soil profiles—with-highest—values—in-the-topsoil. As-for-exchangeable—cations,
alvesor exchomigen ol Lo were himes Wiglacthem '
213 “apart-ffom Ca values, whieh -in Bondigui and Lambussic reached about 5 fold-the value® of Car Sor”
“5501'9‘-;»1* or sal [%W
214  in Finkolo; K, Mg concentrations were very low and similar irrespective of sites and sampling
TohlC K5
215  depths. Extractable P seemed to be linked to SO€ variations in the topsoil as it showed ” UJCr‘f;@J )
& sl e
216 moderate concentrations in Bondigui and Lambussic with very low value in Finkolo, bg";tﬂtwpﬁj e ‘wa ¢
aﬁ'm 3(‘0 & “\a‘- o \?JF"
217  Concerning Soil textm}fBondigui’was different from others withvhigh percentage of clay and F\«U:‘Gh ﬁ\}ﬂ
peceniayes 4 Ao
218  moderate propostions it sit and sand. Consequently, soils in Bondigui can be referred to as Vi
219 aclay soil while Lambussie and Finkolo were identified as having clay loam soils. )
o =C COtz\{
220 3.3 Soil organic carbon (SOC) stocks C on C 'e 2;0, % ) R‘V‘S &
Md inbared spechu was agoed predtmw comcantvd
221  The-correlationcoeficient R2-betweenSOC and the mid-infrared spectra-was-strong (0:97)
222 along-with-0.24-as- RMSEC vatueindicatiig 2 good-efficiency—of-MIRS to_determine—SO€. (act \,ug"'
ndé
223  Figure 4shows significant variations in SOC stocks across sentinel sites within the topsoil (OO/ €
224 20 cm), where the highest value (22.4+1.5 Mg C ha'!) was obtained in Bondigui and the lowest A
i
ond Oon digu w C_w-laaﬁ
225 in Finkolo (11.2+ Mg C ha'!). In the subsoil (20-50 cm)y Lambussic Vdisplayed— the highest PR
s pod supmeiceklyy kS e T G
226  value (25.3+1.7 Mg C ha'!).-Bondigui £20.5£1.4 Mg C ha"'i}z{nd Finkolo (12.4+0.6 Mg C ha-

and
3
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Intra-site variations of SOC at Lambussie site were markedly significant both in topsoil and

subsoil (Fig. 8). In the 0-20 cm layer, the first zone with high values spanned clusters 2 to
cluster 8, which values ranged from 12.4+2.6 Mg C ha'! to 53.7+15.6 Mg C ha'!. The second
area stretching from cluster 12 to 16 had values ranging between 10.4+1.3 Mg C ha! and
23.0+5.6 Mg C ha'l. In general, SOC stock values in the 20-50 cm layer were relatively high
except the values in cluster 2 (9.7 £3.0 Mg C ha'!), cluster 5 (6.3 1.8 Mg C ha'!) and cluster
8 (3.5 2.5 Mg C ha'!), which were significantly low (Fig. 5).

Apart from cluster 4 (9.6 £1.0 Mg C ha'!) and cluster 10 (11.8+2.7 Mg C ha'!), SOC stock
values were high and varied markedly between 12.5+1.9 Mg C ha'! and 37.4+7.8 Mg C ha"!
at Bondigui site. Values were even higher in subsoil (20-50 cm), where clusters 6 (10.7 £3.6
Mg C ha'l) and 8 (10.6 +3.6 Mg C ha'!) were among the lowest (Fig. 5).
Finkolo site had the lowest SOC stocks in both layers throughout all clusters. Only the topsoil
showed significant variations across clusters as values ranged from 5.7 0.7 Mg Cha! (Cluster
2)1017.2 £3.3 Mg C ha'! (Cluster 5). Though not significant, variations in the subsoil revealed
the existence of discrepancies among clusters as evidenced by the wide range from 8.4+0.8
Mg C ha"' to 21.0+3.1 Mg C ha'!.

The potential values of SOC stored in soils of study sites with 95% confidence level based on

total area covered (100 km?) in each sentinel site were estimated in the topsoil at
191,500+37,000 Mg C; 224,000+30,000 Mg C and 112,200+14,000 Mg C in Lambussie,
Bondigui and Finkolo, respectively (Table 4). In the same way, total SOC stock at + 95%

confidence level in the subsoil varied from 124,000+28,000 Mg C at Finkolo to

253,000+34,000 Mg C at Bondigui.

(5.4t J.umh“v.)

Dierencs S wier
3.4 Variation in SOCacross land use types .,(‘m.&\ ' 4 Low er ¥) ol fvated

= . ; — o 'ﬂmnsemi““"“,u
Cultivation resulted in significant _drop in topsoil SOC stock-in-the-Lambussie--site-as-indicated )

(23264 2
S Py
Comisrdrehm and §9C etack ut

were almust dawble Those for Vagh

Lambpussie Omg Bosdigus
S o fegusieso o) senk ?:aw : =

Emicle,



SOIL Discuss., doi:10.5194/s011-2016-45, 2016

Manuscript under review for journal SOIL SOIL
Published: 4 July 2016 Discussions
© Author(s) 2016. CC-BY 3.0 License.
(G HION|
252 by the reduction-in-SOEC stock-from-29:7£5:9- Mg € -ha--(Semirnaturat-arcas) to- 15: 7+ t4-Mg—
[t
253  Cha''(Cultivated—lands). However, no significant impacts were observed in Bondigui and S fny/‘p
e
254  Finkolo though values showed huge intra-site variations (Table 5). In the subsoil, there were
5 quhout dfferencas mSoCstocks hetvrenn d
255  no-meaningful_changes—brought-about-by cultivation as values_of SOC stecks-were-similar—ih am
|r,w.{1r7 CT‘LW 6) .
256  semi-natural and cuftivatedtands_in_Lambussic—(19:5%34 Mg € ha-*versus20:7+1:6-Mg-C %"ﬂ] li}\_l‘ v
257  ha'l), Bondigui (23.442.1-Mg € hatvs 26:9£2.5 Mg C ha'") and Finkolo {1241+ Mg Cha) &
258  lvs 12:3£0.8Mg-€hah).
259  Onthe other hand, figure 6 showed a very reasonable rise (+4.2%) of SOC stocks in cultivated
260  areas in Bondigui resuliing in an accumulation rate of 0.04 Mg C ha! yr'!, while Lambussie
261 and Finkolo showed a drop on cultivated lands as compared to semi-natural ones. Hence, land
262  use change brought about a moderate (-21.4%) and significant (-47.4%) loss in SOC stocks in
263  Finkolo and Lambussie, respectively. As aresult, depletion rates were estimated at -0.13 Mg
264 Cha'l and -0.71 Mg C ha'! Finkolo and Lambussie respectively. However, in the subsoil,
265  SOC storage rates were not significantly different between semi-natural and cropped areas,
266  SOC positively accumulated in Bondigui (+0.18 Mg ha™' yr'!) and Lambussie (+0.07 Mg C
267  ha'l yr!) while almost no storage (-0.004 Mg C ha'! yr'') was found in Finkolo.
L.
. . So
268 4. Discussion min
269 4.1 Site characterization ared, s u. o g.x"
wdAte laryest outteied cf°°‘ S\,w"d :
270  Among the sentinel sites, Lambussie in Ghana w&s—mest@u]ﬂvaked——xmh fittle variation across wﬁi:)’)‘ uﬁ\d’ﬁ
271  clusters, indicating—a fairly _homogeneous—distribution. The moderate percentage of cropping OW'{J ) q\u'
g€
272  areas in Finkolo is due to the fact that parts of the site fell within the protected area known as gl
vaushun |n SUC Stucks for the
273  'Forét Classée de Finkolo-Sikasso". That likely explains the high intes-eluster—variations of
274  cultivated—arca, as some of the clusters were not cultivated while those Jdlng on farmers’
lastolfive
275  fields were almost entirely cultivated. Bondigui was the less-¢repped-site although it has no
Ais (s In an aréa wnth
276  protected area’ ?huszbtc explanation lies in-the-fact that the site is located anwng-&he—kss
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lens poprdahon damoty ( 0 -20 inhahturts per km )
277  populated areas in BurkinaFaso. where population density js in the range of between (-and—
278 20 inhabitants—per-km? (Ouédraogo, 2010). In this area fallow systems are still in use wil.h—lheaﬂd
and I
279  consequence-ofsparing woodlands ((Devineau & Fournier, 2007)} which would have been used
C‘W oy
280  for cultivation in other areas, Across sites, the most common land use systems are parklands
S
281  known--as—the-deminant traditional agroforestry practice that help:f farmers to cope with 11\ €
282  negative impacts of climate change and therefore strengthen their adaptive capacities (Bayala
| layes
283 etal,2014). In bothssau‘ma, soils were acidic in Finkolo and moderately acidic in Bondigui and
gol C -
284  Lambussie. This surely had an impact on SOC concentrations that, when compared with the
285  critical lmit of 20 g kg'! for an improved seil quality (Musunki et al, 2013; Lal, 2015), was
was fhe | Captanidi ©
286  high in Bondigui (25.4+4.2 g kg!). close in Lambussie (17.8+3.3 g kg'!), and low in Finkolo
wr wos{he ymush-tuadic.
'
287  (10.7£1.7 g kg'!). One can say-soils—in-Bondigui—and Lambussic —had better quality compared
288  to Einkelo,~where their acidic—nature seemed-to-have negatively—alleeted—their—quality. The
289  better soil quality and fertility in Bondigui might be due to short cultivation phase with
dy s [ow
290  possibility to fallow duete low population density and Lhere?Ey redueed pressure onYlands? In
291  such cases, cultivable lands are left uncultivated dur o&ga:ia long, perlod that allows the
(e (S Su
Thie Conectasd Ye
292 restoration of their fertility. {i‘.t.sulth obtained in a similar ann'onmenl wrthvlugh m&phlc
epeded wweq ullow
293  pressure n?ﬁouguum area, Mali, where fallows_used recurrently for agricultural purposes were r\‘-'Ch’u'c
294  no-enger-rich-in soil organic matter and nutrients (Benjaminsen et al., 2010) conselidate—that
295  assumption
296 4.2 SOC stocks change across semi-arid landscapes of West Africa
Of thetnreesdes had Wigher
297  Atsite-level, only Bondigui shewed -higher SOC stocks in the topsoil compared to subsoil.
298  This is most likely due to low pressure on lands from both farming and livestock activities
fnt and e haldny
299  that allows biomass to accumulate mm;:s.ml,—theve[ém contributing to higher soil orgamc
© e Aopsal. ;
300 matter in the-first—20-cm. However in Lambussie. high agricultural pressure on\'ﬁn@ as
301 indicated by the prevalence of cultivated areas has resulted in a reduced average SOC stock in
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302  the arable layer-of:20-em. AcrosSites. SOC stocks in the topsoil varied between 11.240.7 and
+D L o
303 224 Mg C ha! in line with values ranging from 17.1 from 29 Mg C ha™! and”17.4 fiem 34.4
Xhe ref’?g_’n vely

304 Mg C ha'! found in“Balé and Ziro pmvincesﬂwith similar environments in Burkina Faso./

haever a defferent
305 respectively (Dayamba et al., 2016) though-not-simitar SOC measurement method was used.
OuesvPsol

306 Adso, SOC stocks obtained—in-subsoil-(20-50-em) were lower compared 1o similar studies in
307 Burkina Faso, precisely in the provinces of Balé (18.2 gm 31.2 Mg C ha') and Ziro (18.0
308 ﬁ:E:a 32.7 Mg C ha'') (Dayamba et al., 2016).

309 Atcluster level the presence of SOC stock hotspots with various magnitudes in both soil layers
310  highlights the need to take into account landscape level variations (CV) when planning for
311  land management practices ,t‘c: enhanced SOC accumulation. Morcover, when zooming in on
312 each cluster, high SOC stocks were strongly aggregated in Lambussie, indicalin:ggl‘;:rd uses
313 hﬁhe—e%n?wshwpacls on soil organic matter. Combined with wide ranges of within-cluster
314  level variations in SOC stocks (values not shown) that varied from 39.6 to 111.8% in
315 Bondigui, 37.8 to 129.6% in Lambussie and 30.0 to 137.9% in Finkolo illustrating the
316  heterogeneity of clusters; this finding is mstrumental in designing site-specific landscape
317  interventions for SOC accumulation improvement. Indeed, SOC stocks might be used as
318 indicators of soil quality and thereby help in prioritizing degraded areas for intervention.

319  Low values of SOC stocks in soil layers at site and cluster levels are likely caused by the
320 acidity of soils which is known to be a contributory factor to increased crop/plant residue
321  decomposition and fairly high” erosion prevalence due to steep landscape (Rajan et al, 2010;
322  Obiri-Nyarko, 2012, Vigen and Winowiecki, 2013). Land cultivation has significantly
323 reduced 40% of SOC stocks in the topsoil of Lambussie and that might be due to the high
324  pressure {1%ndf with 710.02% of the area being cultivated. This result is in agreement with
325 findings of Gelwa et al. (2014) in a semi-arid watershed in Tigray, Northern Ethiopia revealing

326  that rainfed crop production was found to store less SOC (16.1+6.6 Mg C ha'!) compared with

13
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327  agroforestry-based crop production 25.8+1.8 Mg C ha'!') and silvopasture (39.1£21.5 Mg C™ e
diference behween cu Ruated ondnia-citwated £ shees ) 55,.,1
328  hal). The dqijcil_(_-L‘)J%}mim.d in Finloko’s topsoil was not statistically significant. The ( €
329  same observation applied to hints of surpluses noted in Lambussie subsoil (+6.7%), Bondigui /
330 top (+13.1%) and sub (+1.9%) soil, and in Finkolo subsoil (+O.7%)jf{)epleliun of up to 50%
331  in SOC stock has_been underlined in a similar study in Tanzania and was attributed to soil
332  erosion and unsustainable land management practices (Winowiecki et al., 2016). Likewise,
333  review studies through meta-analyses identified conversion of forest into croplands to be
334  accountable for 25 to 42% reduction in SOC stocks (Guo et al., 2002; Don et al, 2011), a
335 range comprising values found in Lambussie. Bondigui had similar high SOC stocks beneath
336  semi-natural (21.9£2.0 versus 23.4£2.1 Mg C ha'!) and cultivated (22.8+2.2 vs 26.9+2.5 Mg
337  Cha!) lands indicating that the landscape might be globally less degraded and soils should be
338 responsive to agricultural intensification. As a general rule, rate of SOC 'jccrua} is higher in The S‘Jb‘sm]
Hhan \{;&;15 Hhud-acce lere + l"'ﬂu
339 20-50-cm-vis-a—vis the topsoil indicating”the plausible effeet-ofl decomposition and erosion (‘u\!\d « »
| o
4epsuil ¢ " 128"
340  processes that are much more prominent in the -superficial-layers subjected to moderate tilla ge + Ti N “2_
art ’E{fj"" duynumiss Wb° ;{“n\"
341  and-identified—as factors influencing SOC accunmlélion—rates (Corsi et al, 2012; Brown and
342  Huggins, 2012; Vigen and Winowiecki, 2013). Regardless of soil layer, SOC accumulation
343  rates in cultivated lands reported in the current study (0.04 to 0.18 Mg C ha'! yr'!) are lower
thosE
344  than eﬁimrn s reported in the literature under conservation agriculture (1.24 to 1.8 Mg
345 Cha'lyr!), improved grazing (0.22-0.7MgC ha'! yr!), animal manuring (1.5+0.1 Mg Cha”
346 !yrl) in Brazi, the USA and Furope (Watson et al, 2000; Smith et al., 2000a, 2000b; West
347  and Post, 2002; de Moraes Saand Seguy, 2008). Moreover, values obtained are by far smaller
348  than the potential soil carbon sequestration rate 0f0.25-0.5 Mg Cha! yr! that can be achieved
349 by changing management options (Lal, 2003). Very few studies have estimated SOC accrual
350 rates in culiivated lands in West Aftica Sudanese savannas. Nevertheless, accumulation rate
351  of SOC estimated at4.3 Mg Cha! yr'! beneath conservation agriculture in drylands of Western
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352  Nigeria (Ringius, 2002) is indicative of the fact that weathered soils in semi-arid lands can be
353  responsive to improved land management practices that aim at enhancing agricultural
354  production. Onthe other hand, the depletion rate of SOC stocks (-0.004 to -0.71 Mg C ha'' yr
355 !)seemed important and expressed the huge potential of agricultural soils in semi-arid areas
356  to have ahigh sink potential for carbon storage (Corsi etal,, 2012). In any case, these figures
357  should be taken with caution as they might not be permanent and any changes in land
358 management or land use might cause a rapid variation undermining or stimulating  SOC
359  accumulation (Smith et al., 1996). Bascline data provided across sites should guide further
360 land management decisions%?g?;price_;g}lygggﬁncgiew of increasing agricultural production.
361 4.4 Implications of SOC storage for site-specific recommendations for enhanced
362  agricultural production

363  Depletion in SOC is one of the most insidious and unseen processes of soil degradation that
364 negatively affect agricultural production in most cultivated lands of Sub-Saharan Africa (Lal,
365 2015; Montanarella etal., 2016). SOC s also used as indicator of soil quality and agricultural
366  sustainability because SOC-enriched soils have the capacity to improve and maintain soil
367  fertility and thereby sustain agricultural production (Loveland and Webb, 2003). One of the
368 most straightforward pathways to mitigating soil degradation in semi-arid drylands is to
369  maintain or replenish SOC concentrations above the critical level of 20 g kg! (Loveland and
370 Webb, 2003; Musunki et al, 2013; Lal, 2015). While the average SOC concentration in
371 Finkok (10.7£1.7 g kg'') was below that threshold. Lambussie (17.8+3.3 g kg'!) was close
372 and Bondigui (25.4+4.2 ¢ kg'!) above, indicating the ncgﬁbgjﬁi?l management pr& g .mS
373 _ rely-on sites’ specilicities. Likewise, most clusters in Finkolo (81.3%: 13 out of 16) have SOC
374  stocks below 15 Mg C ha! while the corresponding figure in Bondigui and Lambussie is only
375  25%. According to figure 7, deficits in SOC stocks are more pronounced in cultivated lands 962 M—S

M
376 in Lambussic and Finkolo, while only semi-natural lands are concemed in Finkolb. As g

15



SOIL Discuss., doi:10.5194/s0il-2016-45, 2016

Manuscript under review for journal SOIL
Published: 4 July 2016

© Author(s) 2016. CC-BY 3.0 License.

377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400

401

expected, surplus in SOC stocks was found in uncultivated lands in Lambussie while all land
use types experienced that in Bondigui. Thus, Finkolo seems to be the priority site to target in
terms of interventions that should consist of ﬁrstwal.'aising the pH level prior to selecting the
most relevant land management options. In that regard, recommended practices such as
liming, application of manure and crop residues, judicious use of acid forming fertilizers
including urea, single and trisuperphosphate (SSP and TSP), the use of acid tolerant crops
(Cassava, rice, etc.) as well as agroforestry practices should be of interest (Obiri-Nyarko,
2012). As%r agroforestry, practices involving leguminous trees and shrubs such as Albizia
zygia, Gliciridia sepium (Baggie ct al., 2000), and Cajanus cajan (Riddley et al., 1990) rr%gr]::l
beeavse 7 (Explain why )
be recommended. In Lambussie, clusters with low SOC stocks should be primarily targeted
with conservation agriculture, integrated nutrient management, improved grazing and cover
advised prufces

crop farming that are most_indicated for SOC accrual in weathered soils (Lal, 2004; 2005,
2006; Bayala et al., 2012).
4.5 Implications for climate change miti gation

. layer BV, .
Regardless of soil sirgta, SOC storage in¥semi-arid landscapes potentiatly ranged between
112,200414,000 and 253,000+34,000 Mg C corresponding to 411,400+£51,333 Mg COz-eq
and 927,666.7+124,666.7 Mg CO2-eq in the target countries. Onthe other hand, the potential
of climate change mitigation through SOC revealed contrasted figures as accumulation rates
in cultivated lands ranged from 0.04 to 0.18 Mg C ha'! yr! and were balanced by higher
depletion rates of -0.004 to - 0.73 Mg ha! yr'! which indicates the potential of semi-arid soils
to store carbon. These figures are useful insights for devising improved land management
practices that will overcome constraints and enhance SOC storage. In the context of the current
study, promising RMPs that have been experimented fj)nh the study area should be

recommended. They should include agricultural intensification, improved rangelands,

agroforestry-led conservation agriculture, and rehabilitation of degraded lands (Reij et al,
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2009; Bayala et al., 2012). Indeed, Raji and Ogunwole (2006) reported a rise of 115% in SOC
in trials supplemented with manure and NPK over 45 years in semi-arid savannas of Nigeria,
while 18 years of application of NPK has resulted in an accrual of 028 - 0.41 Mg C ha' y''.
Moreover, the same authors revealed that improved pastures based on enrichment  of
Brachiaria decumbens contributed to the storage of 0.57 Mg € ha! yr! in the soil. At a larger
scale, the rehabilitation approach of degraded parklands referred to as farmer-managed natural
regeneration (FMNR), a cost-effective agroforestry practice that helped in restoring and
sustaining the productivity of 5,000,000 ha of lands in the southern region of Maradi, Niger
(Reij et al,, 2009) should be upscaled to the entire area of the study. From Niger, where it has

been primasily successfully tested, this climate-smart practice, is now being promoted in
anaren &

\
Ghana over 500 ha with 396,000 trees in Talensi-N abdam District, Upper-East region (Weston

et al.,, 2013). In Burkina Faso, part of the country is now made up of rejuvenated agroforestry
parklands, while in Mali, about 6,000,000 ha of degraded parklands are ku)lgdl; regencmlir;n
through FMNR (Reij, 2012). Soil fertility enhancement as one of the environmental impacts
of FMNR, is strongly linked to SOC build up. In addition to increasing aboveground biomass,
FMNR also has the potential of sequestrating up to 5.4 Mg CO2-eqyr ' as shown recently in

Ethiopia (Rob, 2015) with an undeniable impact on SOC stock?

5. Conclusion
C

This study is the first attempt to demonstrate the carbon sink potential of soils at large scale in

(

I
semi-arid areas in West Aftica using empirical data. Except Vsome constraints due to
acidification in Finkolo area in Mali, soils were found to be globally suitable for agricuttural
intensification as their SOC concentrations ranged between 10.7+1.7 gkg! and 25.4+4.2 g kg’
U with relatively high proportion of clay (35.4+0.4 to 448.8+3.8%). Moreover, low values of
SOC accumulation rates magnified by higher depletion rates are indicative of the potential of

drylands soils to help in adapting and alleviating climate change effects in semi-arid West

17
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Affica. Site and cluster-level analysis revealed the heterogeneity in SOC stocks distribution at
landscape scale, a mandatory finer level analysis prior to decision-making  about
Recommended Management Practices. Further studies should focus on (i) setting out critical
values of SOC stocks beyond which agriculture can be smart and sustain production, and (ii)
determining the SOC accumulation potential of the most effective RMPs. These actions seem
rtbuﬁ ™ |
~ . . " Com™m Iifd F
achievable mng-lcrm agronomic trials across West Afiica are gathered and analyzed with
relevant—approaches. In the same way, assessment of the contribution of FMNR along with

land and water conservation practices that have been widely adopted by farmers in West Affica

C
(Reij et al., 2009) to the global carben budget must be a research priority.
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Alfrica. Values with similar _n:nv_/.ma not significantly different (Kruskal-Wallis test, p=0.05).

Table 2. Soil properties (averagetstandard error) of Lambussie (Ghana), Bondigui (Burkina Faso) and Finkolo (Mali) sentinel sites in West

SOC Total N Ca K Mg ExtP Clay Silt Sand
pH-H,O  (gkeg’) (gkg') (cmolckg') (cmolckg') (cmolckg')  (mgkg') (%) (%) (%)
20T
Bondigui 6.7£0.1a  25.4+4.2a  0.97+0.2a 7.8+1.52a 0.22+0.02a 2.4+0.5a 7.0£0.3a  48.8+3.8a 24.9+1.2a 26.3+4.4a
Lambussie ~ 6.3+0.2a  17.8+3.3a  0.75+0.1a  6.0+2.0a 0.25+0.08a 1.7£0.4a 7.742.1a  37.4£3.6b 26.1+1.6a  36.5x4.1b
Finkolo 5.5£0.1b 10.7+1.70  0.40+£0.1b 1.5£0.2b 0.15+0.02b 0.9+0.08a 3.5+0.4a 354+3.1b 2024222  44.4+4.7b
~—20-50.cm

Bondigui 6.50.1a  15.8+3.1a  0.58+0.1a 5.9+1.4a 0.15£0.01a 2.05+0.5a 1.7£0.3a 53.1z4.1a  21.8+1.2a 25.1+3.9a
Lambussie ~ 6.3+0.2a = 14.2£3.7a  0.62+0.2a 5.9+2.0a 0.19+0.07a 1.92+0.6a 5.3£2.1a  38.7+3.8b 23.0+1.6a 38.3x4.8a
Finkolo 5.3£0.1b  8.1£1.5b  0.32+0.1b 1.3+0.2b 0.14£0.03a 0.95+0.1a 1.9+0.3a  44.6+3.2ab 32.4+4.1a

23.0+2.5a
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Table 3. Average estimated area under cultivation in each of cluster across Lambussie

(Ghana), Bondigui (Burkina Faso) and Finkolo (Mali) sentinel sites in West Aftica.

fin samée ereler
as hqves:

Bondigui Lambussie Finkolo & P

3
cleer : 55 A);)rea % Lambvssi€ bondiger, Rtk
2 30 90 80
330 80 80
4 40 30 80
5 40 60 80 5 ol
6 30 50 10 Thw“‘bwwdls .
770 90 50 gc”fﬁd an eg&“j
8 30 50 10 Vw&
9 30 70 90
10 50 90 90
1n 70 90 50
2 70 70 80
13 20 90 10
14 80 90 10
15 40 60 20
16 60 90 10
Ste 4410.02a  712002b  52%0.03¢
(CV %) (34) 28.1) (63.9)
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Table 4. Estimate of average carbon stock§ (Mg ha'' + 95% confidence level) at-plot
the

level and total SOC stocks (Mg C+ 95% confidence level) at-level—of Lambussie

(Ghana), Bondigui (Burkina Faso) and Finkolo (Mali) sentinel sites

SOC stock + 95% Total SOC stock +

gm” confidence level 95% confidence level
lwyer (Mg ha'!) (Mg ©)
l Lambussie 19.243.7 191,500+37,000
open
Bondigui 22.4+3 224,000+30,000
Finkolo 11.2+1.4 112,200+14,000

205,000£28,000
253,000+34,000
124,000+:28,000
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Table 5. Carbon stocks in cultivated and non-cultivated lands of Lambussic (Ghana),

Bondigui (Burkina Faso) and Finkolo (Mali) sentinel sites in West Affica. For a given

[N .,W
_omsal ﬁﬁesﬂmc i . :
site. values with sitilar letters are not significantly different (Mann-Whitney test,

p=0.05),
sm‘ \tuo&f' _Tepsoil (0-20 cm)
Plot Average+SE CV (%)
(IZ'Y’G"‘ ) Lambussie Semi-natural 29.7+5.9a 122.8
Cultivated 15.71.4b 93.7
Bondigui Semi-natural 21.9+£2.0a 82.1
Cultivated 22.842.2a 80.7
Finkolo Semi-natural 12.7+1.2a 83.3
Cultivated 10.0+0.7a 66.1
_Subsoil (20-30-cm)—
Plot Average+SE CV (%)
QLM s | Lambussie Semi-natural 19.5+£3 4a 84.6
Cultivated 20.7+1.6a 75.1
Bondigui Semi-natural 23.4+2.1a 69.8
Cultivated 26.9+2.5a 75.1
Finkolo Semi-natural 12.4+1.1a 56.6
Cultivated 12.3+0.8a 56.5
Use e same Firmet 10 all Fubles | includity

WW%%SLM.
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Table 6. Accumulation rate of SOC stocks in cultivated areas at plot level and total
cultivated areas across Lambussie (Ghana), Bondigui (Burkina Faso) and Finkolo
(Mali) sentinel sites in West Aﬁ'icé.
Accumulation rate+95% Total accumulation
Sa" [cheV' confidence level rate£95% confidence
(Mg Chal yrl) level Mg C yr'1)
0-20 cm
Toy sal Lambussie 0.78+0.14 5,538+994
Bondigui 1.14+0.22 5,016+968
Finkolo 0.47+0.06 2,444+312
20-50 cm
S ulvsn | Lambussie 1.04+0.16 7,488+1152
Bondigui 1.35+0.24 5,940+1056
Finkolo 0.62+0.08 3,224+416
Fiq. 6
r n 3
rewdy oalf e
These valves al +
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condel bt nctucted

Second colemn

and the Tabl remwed

41



