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The 4%o initiative launched by the French government at COP21 in Paris in December 2015 aspires to increase
global soil organic carbon (SOC) stocks at a rate of 0.4% per year. We conducted a systematic literature review
on SOC storage under agroforestry and conservation agriculture systems in sub-Saharan Africa, where we re-
ported 66 and 33 cases for both systems respectively. The results showed that SOC storage rates were sig-
nificantly higher than 4%oyr~! in fallows and in multistrata agroforestry systems (P = 0.0001 and 0.0178,
respectively), but not in alley cropping and parklands systems. For conservation agriculture, SOC storage rates

Fallows

No-tillage were only significantly higher than 4%oyr~! (P = 0.0438) when all three principles were applied, i.e. no- or
Parklands minimum tillage combined with crop residue retention and intercropping or rotation. The data showed very
Intercropping large variability in SOC storage rates as the result of various factors, including previous land-use history, ex-

perimental set up and approach used to determine SOC storage (diachronic versus synchronic approach), soil
type, depth of soil sampling, type of crops and management, and duration of the experiment. SOC storage rates
significantly decreased with time in the agroforestry systems (P = 0.0328). However, we were unable to find
significant relationships with initial SOC stocks or tree density. Given the limited published data and the high
variability in results, no significant relationships between SOC storage rates and site variables were found for
conservation agriculture. We argue that there is a potential for SOC storage in agricultural soils of sub-Saharan
Africa, as illustrated by SOC gaps observed on smallholder farms. Low SOC levels are, however, to a great extent
the result of limited resources of most smallholder farmers. Practices such as agroforestry and conservation
agriculture can restore SOC in these soils, but the 4%o initiative has to be implemented on the grounds of the
positive impact on crop productivity rather than on climate change mitigation. The efficiency in doing so will
depend on the specific situations and will need economic support to smallholder farmers, including the pro-
motion of good markets for sale of extra produce and for input supply, effective private support and policy, such
as credit schemes and subsidies for inputs, and efficient extension services which incentivize farmers to invest in
new technologies.

1. Introduction launched by the French Minister of Agriculture at the COP21, with the

objective to increase soil organic carbon (SOC) stocks globally by 0.4

The Paris Climate Agreement of the United Nations Framework
Convention on Climate Change (COP21, November 30 to December 11,
2015) commits to keeping the increase in global average temperature to
well below 2 °C above pre-industrial levels and sets a more aspirational
goal to limit warming to 1.5 °C. To achieve this, major greenhouse gas
(GHG) reductions are needed together with technologies that result in
net removal of CO, from the atmosphere (Meinshausen et al., 2009;
Field and Mach, 2017). In this context, the “4 per 1000” initiative —
“Soils for Food Security and Climate” — (http://4p1000.0org) was

percent per year as a way to mitigate climate change and improve food
security (Lal, 2016; Chabbi et al., 2017; Dignac et al., 2017; Minasny
et al., 2017).

Soils store two to three times more carbon than the atmosphere, and
the amount of organic carbon stored in soils is estimated at 2400 Gt C to
2 m depth (Batjes, 1996). A slight increase or decrease of this SOC stock
has therefore a large impact on atmospheric CO, concentration
(Schlesinger, 1977). Besides, the annual GHG emission from fossil
carbon combustion is estimated at 9.3 Gt C (Le Quéré et al., 2016). The
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4%o figure simply originated from the ratio of the global anthropogenic
carbon emissions (9.3 Gt C yr’l) to the global SOC stock (2400 Gt C)
(Minasny et al., 2017), and thus implies that increasing global SOC
stocks by 4%o per year would completely offset the anthropogenic CO,
emissions. However, increasing SOC up to 2 m through changes in land
management practices is rather impossible, because the management
practices are known to principally affect the topsoil SOC content
(VandenBygaart et al., 2018). Another interpretation of the 4%o figure
considers therefore the global SOC stock to 40 cm soil depth only, ar-
guing that a more correct scientific rationale behind the 4%o initiative is
to counteract the annual rise in atmospheric CO, (de Vries, 2018). A
4%o increase of the global 0-40 cm SOC stock, which is estimated at
860 Gt, would result in an annual sink of 3.4 Gt C yr~'. Combining this
with stopping deforestation (that causes an estimated emission of 0.9 Gt
Cyr~ 1 Le Quéré et al., 2015) would lead to a net CO, removal of 4.3 Gt
C yr~! from the atmosphere, close to the present annual rise in atmo-
spheric CO,, being estimated at 4.5 Gt C (Le Quéré et al., 2016).

Soil organic carbon stocks of Africa are currently estimated between
133 and 184 Gt for the 0-100 cm soil layer (about 10% of the global
SOC stock), with large variations depending on the ecoregion (Henry
et al., 2009; Scharlemann et al., 2014). Due to an increasing demo-
graphic pressure and associated food demand, many native grassland
and forest areas have been converted to croplands, and soils have ex-
perienced a massive decline in SOC, mainly as a result of low carbon
inputs into soil, and because of topsoil erosion (Agbenin and Goladi,
1997; Solomon et al., 2002; Lemenih et al., 2005; Zingore et al., 2005;
Kintché et al., 2010; Moebius-Clune et al., 2011). For example, from a
review of published research it was estimated that SOC in croplands in
southern Africa has declined by 25 to 53% (Swanepoel et al., 2016).
Other studies (e.g. in Western Kenya) found decreases of up to 85% of
the original SOC stocks under forest (Solomon et al., 2007). These soils,
far from their saturation level (Six et al., 2002; Stewart et al., 2007), are
now seen as important potential carbon sinks. The concept of SOC sa-
turation suggests that the quantity of stable SOC in a given soil is
limited since SOC stabilization, i.e. SOC protection from decomposers,
is to a great extent determined by the amount of fine soil particles
(typically < 20 um) (Hassink, 1997; Six et al., 2002). The difference
between the theoretical SOC saturation value and measured SOC of the
fine fraction corresponds to the soil saturation deficit and may re-
present the potential for SOC storage in a stable form (Castellano et al.,
2015), but this concept is now being challenged (Barré et al., 2017).

Soil organic carbon increase can be achieved through the im-
plementation of restorative land use and recommended management
practices on agricultural soils (Lal, 2004). Restoring SOC levels is often
seen as a win-win strategy to mitigate climate change while improving
soil quality, potentially leading to higher crop yields (Lal, 2006). Im-
portant effects of increased SOC levels are increased supply of nutrients
(Vanlauwe et al., 2005; Bationo et al., 2007), and better soil structure
resulting in increased infiltration of water and reduced soil crusting,
compaction and erosion (Blanco-Canqui and Lal, 2007; Nyamadzawo
et al., 2007). Higher SOC levels also result in more efficient use of the
agricultural inputs in cropping systems (Tittonell et al., 2008; Zingore
et al., 2011). This in turn may lead to improved climate change adap-
tation, increased food security and better livelihoods (Lal, 2004).

Several management practices are recognized to improve SOC
contents in croplands, such as organic amendments, cover crops, im-
proved crop rotations with or without temporal grasslands or legumes,
biochar, agroforestry, or conservation agriculture (Vagen et al., 2005;
Lorenz and Lal, 2014; Paustian et al., 2016).

This study focuses on the impact of agroforestry and conservation
agriculture on SOC storage. Both practices can increase SOC through
increased carbon inputs from higher biomass productivity within a field
and do not lead to carbon leakage from one field to another as often the
case with recycling of exogenous organic matters (Powlson et al.,
2011).

The first aim of this study is to develop evidence for increased SOC
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stocks under agroforestry and conservation agriculture systems in sub-
Saharan Africa based on a systematic review of available data in the
literature. We present the results of the review against the 4%o objective
and discuss the extent to which agroforestry and conservation agri-
culture can enhance SOC storage and contribute to climate change
mitigation. Second, we highlight the opportunities and challenges that
lay ahead for SOC storage in the context of African smallholder farming
systems by virtue of findings from studies on soil fertility gradients on
smallholder farms. Finally, we discuss the challenges with the wide-
spread implementation and monitoring of the 4%o initiative in the
context of African farming systems, leading to concluding commen-
taries on the overall findings of our study.

2. Materials and methods
2.1. Literature search

Using the online databases ISI Web of Science (Thomson Reuters,
New York, NY, USA) and Scopus (Elsevier, Amsterdam, the
Netherlands), a comprehensive search was conducted in May 2017 for
peer-reviewed publications that reported SOC storage under agrofor-
estry and conservation agriculture systems in sub-Saharan Africa (ex-
cluding South Africa). The literature search was conducted using the
terms described in Table S1 (Supplementary Materials). Agroforestry is
defined as the intentional, integrated combination of trees (including
shrubs) and agricultural crops simultaneously or sequentially grown on
the same piece of land (Nair, 1993; Torquebiau, 2000). Simultaneous
systems include scattered trees in cropland, often referred to as ‘park-
lands’, alley cropping, intercropping and multistrata agroforestry. Se-
quential systems include improved fallows, relay cropping with trees
and rotational woodlot systems where a piece of land is deliberately
planted with fast-growing, often nitrogen-fixing trees (Nair, 1985).
Conservation agriculture is defined according to FAO (2015) as a
cropping system characterized by three principles, namely 1) direct
seeding of crops with minimal soil disturbance; 2) retention of crop
residues as mulch on the soil surface, and 3) the use of crop rotations
and/or intercropping.

Retrieved publications were screened and had to meet the following
defined basic selection criteria. First, studies are field experiments
conducted in sub-Saharan Africa in which SOC measurements were
done on a control treatment (i.e. a cropland without an agroforestry or
conservation agriculture intervention) and on a pairwise agroforestry
treatment or a (partial) conservation agriculture treatment where at
least the effect of no- or minimum tillage was tested (‘space for time’ or
synchronic approach), or on a agroforestry or conservation agriculture
treatment with repeated soil sampling in time (diachronic approach).
Results from chronosequence studies and studies using forests or nat-
ural ecosystems as a control were excluded. Second, the same crop was
grown in both treatment and control. Third, studies report SOC stocks,
which is the quantity of carbon per unit area expressed in kg Cm ™2 or
kg Cha™?, or SOC stocks could be calculated from the published SOC
concentration expressed as proportion of the total soil mass, and soil
bulk density. Studies that reported only SOC concentrations without
soil bulk density were excluded. In some cases when published data
were incomplete to calculate SOC stocks, the authors of the studies
were contacted for additional information. In this way, SOC stocks were
retrieved from the original datasets provided by the authors for the
following studies: Baumert et al. (2016), Bright et al. (2017), Paul et al.
(2015) and Rimhanen et al. (2016). Fourth, the treatment duration is
reported in the paper.

For each study, we calculated the absolute annual rate of change in
SOC stock (kgCha_1 yr_l) and the relative rate (i.e. to the initial or
control value of the SOC stock, %oyr~ ') to the maximum soil depth
specified from the initial and final measurements (diachronic approach)
or from the SOC stocks under treatment and control (synchronic ap-
proach), and the duration of the treatment. When SOC storage rates
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Fig. 1. Number of observations for agroforestry and conservation agriculture as a function of treatment age and soil sampling depth.

could be calculated with both the diachronic and synchronic approach,
we used the diachronic rate in the further analysis of data because
confounding effects of spatial heterogeneity with the synchronic ap-
proach may lead to less accurate results compared to the diachronic
approach (Costa et al., 2013). Four studies on agroforestry systems
reported SOC contents for soil depths well below 40 c¢m, i.e. up to 100
or 200 cm soil depth. To account for these potential soil depth effects,
we also calculated and analyzed SOC storage rates to a maximum soil
depth of 40 cm. If SOC contents to 40 cm depth (or less) were reported
in the above four studies, they were included in this additional analysis.
If a site was sampled more than once at different points in time, we used
the results of the first and last reported samplings, so to obtain the
largest sampling interval. Data from the same study but reported in
more than one publication were not repeated to avoid double counting;
the publication with the most complete dataset was used. When the
study investigated multiple agroforestry or conservation agriculture
treatments, each treatment was considered as a single observation in
the analysis. When multiple controls were reported, the most re-
presentative practice for the study area was used as control, and when
more than one form of tillage was assessed in a study on conservation
agriculture, we selected the tillage treatment representing the greatest
soil disturbance as control. When a paper presented results from single
control and treatment plots (no replicates), the study was not included
in the analysis.

The literature search returned 183 publications for agroforestry and
157 for conservation agriculture. With the above selection criteria, 15
and 20 publications were selected in the final dataset for agroforestry
and conservation agriculture, respectively. The complete reference list
and details of selected publications are given as Supplementary
Material (Tables S2, S3).

2.2. Statistical analyses

All the statistical analyses were performed using R software version
3.1.1 (R Development Core Team, 2013), at a significance level of
P < 0.05. Reported data concerning SOC storage rates for the different
agroforestry and conservation agriculture systems presented hetero-
geneous variances, preventing from using classical statistical tests
(Scheffé, 1959; Littell et al., 2006). We therefore used a weighted least
squares regression, using the gls function from the nlme package
(Galecki and Burzykowski, 2013). Each observation per subsystem i
(alley cropping, fallows, multistrata system, parkland; no- or minimum
tillage, no- or minimum tillage + residues, no- or minimum
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tillage + residues + rotation/intercropping) was weighted by %, where
Vi was the variance of a given subsystem. Weights were normalized so
that their sum equaled the total number of observations (n = 66 for the
agroforestry, n = 33 for conservation agriculture). The Ismeans function
(Lenth, 2016) was then used to test whether SOC storage rates for each
subsystem were significantly different from 0%o yr ™' and from 4% yr*.
To compare the different subsystems, pairwise comparisons were also
performed with the Ismeans function, using the Tukey’s method.

3. Results
3.1. Agroforestry

The total of 15 retrieved publications from peer-reviewed literature
resulted in 68 observations with absolute changes in SOC stocks re-
ported. For two observations (Verchot et al., 2011) the relative change
of SOC stock could not be calculated since the control SOC levels were
not reported (Table S2). The final review deals with the 66 remaining
observations from 12 countries. There were 19 observations from alley
cropping and eight from intercropping systems which we regrouped in
our analysis. Nineteen observations came from improved fallows, one
from natural fallow and five from rotational woodlots which we com-
bined as ‘fallows’. Finally, eight observations were from multistrata
systems and six from parklands. Only two publications (Raddad et al.,
2006; Bright et al., 2017) presented SOC stocks measured at different
time periods (diachronic approach); all other publications reported data
from paired-site experiments. Since the synchronic approach in the
study from Bright et al. (2017) allowed to calculate SOC storage rates
that covered a longer time span (13 years) than the diachronic ap-
proach (4 years), we considered the synchronic rates for this study in
the further analysis. Maximum soil sampling depth ranged from 12 to
200 cm (Fig. 1). A majority of the data (62%) covered only the 20 first
centimeters of soil, while 20% of the data reported a maximum sam-
pling depth of 30 to 50 cm. Only 14% of the observations were obtained
by sampling at least down to 1 m depth. The time since the introduction
of the agroforestry system varied from 2 to 50 years, with 70% of the
observations that had trees planted less than 10 years before the final
soil sampling (Fig. 1).

Overall, the absolute rate of SOC change varied from -9.6
(0-40 cm) to 14 Mg Cha~ ' yr~! (0-100 cm) (Table S2). The largest rate
of SOC increase was from a study with 11 years of continuous alley
cropping with Maesopsis eminii Engl. on a sandy loam in Uganda
(Tumwebaze et al., 2011). The largest decrease reported was on a
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Fig. 2. Cumulative distribution function of SOC storage rates in agroforestry and in conservation agriculture systems.

loamy sand site in Burkina Faso under a 2-year alley cropping system
with Jatropha curcas L. (Baumert et al., 2016).

Relative rates of SOC change varied widely from -159 to
+194%oyr~* (Fig. 2, values considering maximum reported soil
depths). Eighty percent of the observations had annual relative SOC
storage rates higher than 4%o yr~?. Fifty percent of the observations
had SOC storage rates of 34%oyr~ ' or higher.

The alley cropping, fallows and multistrata systems showed similar
median rates of, respectively, 37, 37 and 45%oyr~'. Alley cropping
systems showed the highest variability, with storage rates ranging from
—159 to 149%o yr~* (Fig. 3). Most negative rates of SOC change were
from paired-site comparisons between sorghum cropped alone and alley

Agroforestry
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cropped with Jatropha curcas L. at seven sites in Burkina Faso with the
age of the alley cropping system varying between two and four years
(Baumert et al., 2016). Four observations of this same study showed,
however, positive rates of SOC storage of between 15 and 67%o yr ™.
Two negatives rates were also observed in multistrata systems in
Ethiopia (Rimhanen et al., 2016). The highest rates of SOC storage
under alley cropping (72-149%o yr~ ') were from paired-site compar-
isons where the soils were sampled to, respectively, 1 m and 2 m depth,
i.e. the four observations reported by Tumwebaze et al. (2011) on alley
cropping with four different tree species, and the two observations re-
ported by Makumba et al. (2007) on alley cropping with Gliricidia se-
pium. We retrieved only one publication on multistrata systems
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lines within boxes indicate median, whiskers below and above the boxes indicate the 10™ and 90 percentiles, and crosses indicate mean SOC storage rate per type of subsystem. Outliers
are plotted as individual points. For each system, different letters represent significant differences (P < 0.05) between subsystems. ** represents subsystems with SOC storage rates

significantly (P < 0.05) higher than 0%o yr~" and 4%o yr .
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(Rimhanen et al., 2016) that reported eight paired-site comparisons
(0-15cm sampling depth) at different sites in Ethiopia. Soil organic
carbon storage rates under these systems ranged widely from —5 to
80%o yr . For parkland systems, there were six observations from two
publications (Abaker et al., 2016, 5 observations; Gelaw et al., 2014, 1
observation). The SOC storage rates varied from —3 to 22%o yr_l,
mainly depending on the type of grass species in the treatments.

Soil organic carbon storage rates were significantly higher than
4%oyr~! (and 0%oyr~') in the fallows and in the multistrata systems
(P = 0.0001 and 0.0178, respectively) (Fig. 3, values considering
maximum reported soil depths). Rates in the fallows were significantly
higher than in the parklands (P = 0.0003). When we considered re-
ported SOC contents to a maximum soil depth of 40 cm only, SOC rates
in the fallows became significantly higher than in the alley cropping
systems (P = 0.0169) (Fig. S1, Supplementary Materials). For the
parkland systems, we were left with only one observation. Rates in the
fallows and in the multistrata systems remained significantly higher
than 4%o yr~! (and 0%oyr~') (P = 0.0001 and 0.0144, respectively).

3.2. Conservation agriculture

We retrieved 20 publications that resulted in a total of 33 ob-
servations, comprising 21 sites in seven countries (Table S3). Maize was
by far the most studied crop species (27 observations); the remaining
studies related to six other crop species. In several studies, only one or
two of the conservation agriculture principles were applied: five ob-
servations were from treatments with no-tillage alone and three ob-
servations from no- or minimum tillage with intercropping and/or ro-
tations, but without crop residue mulching. They were grouped in the
analysis (Fig. 3). Ten observations were from treatments with no- or
minimum tillage with crop residue mulching, but without rotation or
intercropping, and 14 observations referred to treatments with all three
principles of conservation agriculture applied. In one study (Ojeniyi and
Adekayode, 1999), it was not clear whether crop residues were left on
the soil or not. The one observation from this study was therefore not
used when differentiating between the varying degrees of application of
the conservation agriculture principles (Fig. 3). Most conservation
agriculture treatments in the dataset involved no-tillage, i.e. manual or
mechanized direct seeding (26 observations). The other seven ob-
servations were minimum tillage treatments, i.e. ripping (5
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observations) or surface scraping of the soil (2 observations). The tillage
type to which the conservation agriculture treatment was compared
was mainly ploughing (11 observations with ox-ploughing and 9 ob-
servations with tractor ploughing,). Hoeing and ridging represented
respectively eight and five observations. Fourteen studies measured
SOC storage through repeated sampling in time of the conservation
agriculture treatment, but at the same time these studies were also
paired-site comparisons between a conservation agriculture and con-
ventional tillage treatment; the other six studies were only paired-site
comparisons. Soil sampling depth ranged from 5 to 60 cm, but 91% of
the observations had a maximum sampling depth of 30 cm (Fig. 1). The
time since the introduction of the conservation agriculture treatment
varied from 1 to 11 years, but 85% of the observations had a maximum
treatment age of 5 years (Fig. 1).

Overall, the absolute SOC change varied from —10.2 (0-30 cm) to
6.86 (0-15cm) Mg Cha ™! yr~! for observations were SOC storage was
calculated using the diachronic approach (Table S3). The largest de-
crease (—10.2Mg Cha~ ! yr~!) reported was from a 2-year experiment
on a site in south-eastern Nigeria where sweet potato was cultivated on
a loam under no-tillage without residue retention (Anikwe and Ubochi,
2007). This large decrease can probably be explained by the fact that
the site was slashed and cleared of fallow vegetation, and thus had an
initial high level of relatively labile SOC that decomposed rapidly fol-
lowing cultivation. The data also showed large variability with least
significant difference (P = 0.05) values of up to 8.6 MgCha_l. The
largest rate of SOC increase (6.86MgCha™'yr~?, diachronic ap-
proach) was from a study in southern Nigeria on a sandy loam under 2-
year no-tillage without residue retention (Agele et al., 2005), but this is
probably an overestimate due to the small soil sampling depth
(0-15 cm); the practice of no-tillage results in stratification of SOC
concentration with depth, with surface soil layers having considerably
higher SOC concentration than the layers below (Baker et al., 2007).

Relative SOC change varied from — 142 to 450%o yr ~ ! (Fig. 2). SOC
change under conservation agriculture was negative for nine observa-
tions. Sixty-four percent of the studies had annual relative SOC storage
rates that were higher than 4%o yr ~'. Fifty percent of the observations
had relative rates that were larger than 34%o yr~'. Treatments with no-
tillage without residue retention showed the smallest median SOC
storage rate, —12%oyr~! (Fig. 3), and the highest variability, ranging
from —142 to 450%o yr~ . The reported negative rates of SOC change
were from repeated sampling on sites that were cleared from native
vegetation. They became however positive when calculated on the basis
of the comparison with the conventional tillage treatment (Fig. 4).
Rates under no- or minimum tillage with residue retention also varied
widely between —98 and 448%o yr~'. Again, negative rates were re-
ported from two experiments in Nigeria where the conservation agri-
culture treatment was installed following clearing of native vegetation
(Agbede, 2008; Lal, 1998). The highest rate (448%o yr’l) was reported
in a paired-site study in Malawi (Mloza-Banda et al., 2014) in which
manual direct seeding with retention of crop residues was compared
with ridging without crop residues on three different fields after four
years. The value is an outlier and probably an overestimate. Apart from
the methodological problems with making comparisons of SOC stocks
between flat planting and ridge and furrow systems, the data were from
three paired-site comparisons on different farmer fields where great
variability between fields is to be expected. Annual SOC rates from
treatments with all three principles of conservation agriculture varied
somewhat less, between —96 and 176%o yr_1 (Fig. 3). The lowest rate
(—96%0yr~!) was reported in a 2-year study in Zimbabwe by
Nyamadzawo et al. (2008) in which SOC storage was measured on a
sandy clay loam (0-20 cm) under direct seeding of maize, following a
fallow period with Sesbania sesban. The highest value of 176%oyr !
was from a sandy loam site in Western Kenya (Ngome et al., 2011)
where the soil (0-15cm) was sampled after 1year in a no-tillage
treatment with maize grown on a permanent living cover of Arachis
pintoi. Two other observations from the same study with the same
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conservation agriculture treatment at two different sites gave also re-
latively high rates of 102%oyr~* (on a clay) and 77%oyr~* (on a clay
loam). The values were however derived from small absolute changes in
measured SOC concentrations (0.19, 0.16 and 0.15%, respectively). The
increase is certainly also the result of SOC redistribution nearer to the
soil surface.

Only SOC storage rates in the system with the full set of conserva-
tion agriculture principles, i.e. no- or minimum tillage, residue reten-
tion and intercropping or rotation were significantly higher than
0%oyr~! (P = 0.0244) and 4%o yr~ ! (P = 0.0438). Soil organic carbon
storage rates were not significantly different between the different de-
grees of application of the conservation agriculture principles (Fig. 3).

The comparison of studies for which SOC storage rates could be
calculated both using the diachronic and the synchronic approach
showed that the synchronic rates were in most cases higher than
0%oyr~! (two exceptions). Synchronic rates were much larger than
diachronic rates that showed negative values (Fig. 4). These large de-
viations were from conservation agriculture experiments that were in-
stalled following clearance of native vegetation or fallow. In these
cases, initial SOC was relatively high, and probably labile provoking net
negative changes in SOC, both for the treatment and control.

4. Discussion
4.1. SOC storage potentials

Agricultural soils in sub-Saharan Africa have a strong carbon sink
capacity as a result of previous SOC depletion (Lal, 2016). Theoreti-
cally, SOC stocks can be restored through soil and crop management
practices that have a positive carbon budget (i.e. with carbon inputs
from biomass exceeding carbon outputs through decomposition and
erosion (Stockmann et al., 2013; Dignac et al., 2017)). We examined the
SOC storage potentials of two widely promoted management practices
in sub-Saharan Africa, agroforestry and conservation agriculture. In the
following sections we discuss the extent to which these practices can
increase SOC stocks and contribute to climate change mitigation. Other
practices that increase carbon inputs to soil are e.g. the addition of
manure or other organic materials to fields. However, adding organic
materials to soil does not necessarily lead to a net transfer of carbon
from the atmosphere to the soil. Depending on the alternative end use
of the materials, it can just constitute a transfer from one location to
another, and thus without mitigating climate change (Powlson et al.,
2011).
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4.1.1. Agroforestry

Overall, our review showed that agroforestry has a potential to store
SOC (Figs. 2 and 3), especially multistrata systems and fallows. The
largest SOC storage rates (> 190%o yr~ ') were obtained with rotational
woodlots (Kimaro et al., 2011). These agroforestry systems conflict
however with food security goals, since edible crops are not grown in
these systems for prolonged periods of time. Parklands showed the
lowest potential for storing SOC (Fig. 3), probably because of the low
tree density per hectare (Takimoto et al., 2008). Besides improving
carbon levels in soils, agroforestry systems store also a vast amount of
carbon in the tree aboveground and belowground biomass, which
considerably increases their interest in a perspective of climate change
mitigation (Luedeling et al., 2011; Zomer et al., 2016; Feliciano et al.,
2018).

Trees have an extensive root system that can grow deep into the soil
(Cardinael et al., 2015b; Pierret et al., 2016) and root derived carbon is
probably the most important source for SOC storage since it is more
likely to be stabilized in the soil by physicochemical processes than
shoot derived carbon (Balesdent and Balabane, 1996; Menichetti et al.,
2015). The highest relative SOC storage rates (72-149%oyr 1) in our
database were reported from experiments where soil was sampled to
depths of 1 to 2m, confirming the need to sample deep soil layers to
study agroforestry systems (Haile et al., 2010; Cardinael et al., 2015a).
Overall, trees enhance SOC storage because of higher biomass pro-
duction and carbon inputs to soil (Peichl et al., 2006; Cardinael et al.,
2018) caused by increased light, water and nutrient use efficiency at the
plot scale compared to a monoculture of annual crops. Trees can also
recover nutrients from deeper soil layers and thus improve soil nutrient
availability and uptake (Nair et al., 1999). Likewise, agroforestry sys-
tems with N-fixing trees may cause higher biomass production and
carbon inputs as a result of increased nitrogen availability (Sileshi et al.,
2008). Effects of agroforestry systems on rates of SOC decomposition
are far less understood (Lorenz and Lal, 2014). Changes in litter quality
and in the soil microbial and faunal communities involved in SOC de-
composition may play a role (Gnankambary et al., 2008; Mitchell et al.,
2010).

Within a type of agroforestry system, published rates of SOC storage
varied widely (Fig. 3, Table S2). The age of the agroforestry system, tree
density, initial SOC stock and soil texture are amongst the most influ-
encing factors that determine SOC storage rates (Laganiére et al., 2010)
and to a certain extent explain the variability in published data. Rates of
SOC change are likely to be smaller for older agroforestry systems since
they are expected to gradually decrease as a new SOC equilibrium is
reached over time under the agroforestry system (Paustian et al., 1997).
This also means that a strict interpretation of the 4%o concept of
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increasing SOC stocks each year by a slightly larger absolute amount as
SOC increases is not reasonable. A significant decrease of SOC storage
rate with time was indeed found for agroforestry systems (P = 0.0328)
(Fig. 5). This entails that the capacity for SOC storage is finite and net
CO, removals under a new management system are thus of limited
duration (Powlson et al., 2011; Paustian et al., 2016). On the other
hand, we did not find significant relationships between SOC storage
rate and initial SOC stock or tree density (Fig. 5), which is probably due
to the fact that other factors, such as tree species, type of control
treatment and soil and climatic conditions interfered. It is generally
known that positive effects on SOC are more likely to occur in finer-
textured soils than in sandy soils because of the physico-chemical sta-
bilization of SOC by silt and clay particles (Torn et al., 1997), but we
were not able to test for this effect due the lack of soil texture data in
several of the retrieved publications.

In conclusion, our review suggests a high potential for SOC storage
under newly established agroforestry systems in soils of sub-Saharan
Africa, which represents a genuine option for climate change mitiga-
tion. Most of the published values were well above the 4%oyr~'. The
limited number of observations and the high variability in results ask
for more research to better understand the positive effects of different
agroforestry systems on SOC and how management could optimize
these effects (Nair and Nair, 2014; Feliciano et al., 2018).

4.1.2. Conservation agriculture

Conservation agriculture has received much attention as a practice
to increase SOC stocks and mitigate climate change (Hobbs and
Govaerts, 2010; Lal, 2015). In general, SOC storage under conservation
agriculture has been attributed to increased retention of crop residues
compared to conventional cropping practices (Virto et al., 2012). For
example, in a global meta-analysis, Luo et al. (2010) found that in most
studies no-tillage alone did not increase SOC stocks; on the other hand,
if the practice of no-tillage induced increased biomass production
(through e.g. the cultivation of two crops per year instead of one), SOC
stocks increased. These findings are corroborated by the results from
our review and from a recent review by Powlson et al. (2016): the
largest SOC storage rates are observed in no-or minimum tillage
treatments with retention of crop residues and with the use of crop
rotations or intercropping. We found that conservation agriculture
produced SOC storage rates compatible with the “4 per 1000” initiative,
only when all three principles are implemented (Fig. 3).

No-tillage systems with retention of crop residues are also effective
in reducing carbon losses through soil erosion (Ranaivoson et al.,
2017). Carbon lost on a field through erosion is, however, not ne-
cessarily converted to CO, as it may be transported and (permanently)
stored in soil or sediments in another location (Wang et al., 2017).

No- or minimum tillage alone can lead to SOC storage if it decreases
the rate of SOC decomposition. Six et al. (1999) showed that less dis-
ruption of macro-aggregates with no-tillage enhances the formation of
micro-aggregates that are crucial in the stabilization (lower decom-
position rate) and storage of SOC in the long term. The results from our
review showed however that there was no positive effect of no-tillage
on SOC storage (Fig. 3). Besides, it is important to note that conversion
from conventional tillage to no-tillage alters the vertical distribution of
SOC in the soil profile, resulting in increased SOC in the 0-20 cm soil
layers and decreased soil carbon in the 20-40 cm soil layers (Baker
et al., 2007; Angers and Eriksen-Hamel, 2008; Luo et al., 2010). This
means that an observed increase of SOC in the topsoil layer under no-
tillage does not necessarily represent a net increase in the overall SOC,
and that studies on SOC storage should investigate at least the 0-40 cm
soil layer and not only the topsoil.

Our review showed highly variable SOC storage under conservation
agriculture, with some reported rates that were anomalously large or
low (Figs. 2 and 3). A conclusion that was also made by Powlson et al.
(2016) in their meta-analysis of SOC stock changes under conservation
agriculture practices in the Indo-Gangetic Plains and SSA. We did not
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find significant relationships between SOC storage rate and initial SOC
stock or age of the conservation agriculture systems (Fig. 5). The effects
of these factors may be confounded with the effects of several other
factors that influence SOC storage rates. First, the agro-ecological
conditions across the studies are highly heterogeneous. For example,
diachronic studies that were established on a land that was cleared from
natural vegetation will result in negative SOC storage rates even under
conservation agriculture, whilst studies on degraded land may result in
build-up of SOC. Second, various forms of conservation agriculture (and
conventional tillage practices) were tested in the reported experiments.
Third, several methodological approaches are used for measuring SOC
storage under conservation agriculture, including diachronic versus
paired-site approaches (Fig. 4); on station versus on farm experiments;
and different depths of soil sampling (Fig. 1).

There was a major difference in SOC storage rates estimated by the
diachronic versus the synchronic approach, the latter one usually
leading to higher estimated rates (Fig. 4). This phenomenon can be
explained by the land use history of the fields (Costa et al., 2013). The
diachronic approach provides a measure of net SOC changes under a
treatment with respect to an initial state. These changes are expected to
be negative under any agricultural system that was recently installed on
soils that were previously under natural ecosystems (e.g. Solomon et al.,
2007). In other words, diachronic rates depend to a large extent on the
initial levels (and quality) of SOC, and thus on the land-use history. On
the other hand, the synchronic approach compares the difference in
SOC stocks of a treatment with respect to a control. Spatial variability of
soil properties can interfere in the synchronic approach where space is
substituted for time (Costa et al., 2013). As such, positive synchronic
SOC rates do not provide evidence of a net SOC storage or a true carbon
sink that removes CO, from the atmosphere. This pleads for long-term
diachronic experiments.

In conclusion, conservation agriculture with the three principles
applied can increase SOC and offer a scope for climate change mitiga-
tion, if carbon inputs are increased through higher crop productivity
(via intercropping and/or crop rotations). The impact will depend on
the site conditions, type of cropping system, management and the his-
torical land use. Importantly, conservation agriculture practices, and
SOC-restoration practices in general, once established, need to be pre-
served over time. If the practice of CA that led to increased SOC stocks
is reversed, the previously accumulated SOC will be lost as CO,, and
usually more rapidly than it was accumulated (VandenBygaart and Kay,
2004).

4.2. Soil fertility gradients illustrate potential and challenges with SOC
storage

The potential and challenges with SOC storage in the agriculture
landscapes of sub-Saharan Africa are probably best illustrated with
studies on soil fertility gradients on smallholder farms (Tittonell et al.,
2013). Soil fertility gradients are a consequence of the differential al-
location of nutrient and labor resources to the various fields of a farm.
They are the result of the limited resources that smallholders possess
and that they tend to concentrate in the fields close to their homestead.
Over time, this leads to soil fertility gradients, including gradients of
SOC. Soil fertility typically decreases within a farm at increasing dis-
tances from the homestead (Prudencio, 1993; Carter and Murwira,
1995; Tittonell et al., 2005; Zingore et al., 2007). Reinforcing the soil
fertility gradients, farmers often prioritize nutrient and labor allocation
to their most fertile fields, where crop responses to inputs are generally
highest.

For example, a case study in Western Kenya (Tittonell et al., 2008)
showed gradients of SOC levels across fields in farms at three different
locations (Table 1). On average per location, SOC levels in the outfields
were 61, 67 and 83% of those in homestead fields. The midfields had
SOC levels that were 60, 73 and 88% of the SOC levels in the homestead
fields. These SOC gaps between fields are mainly the results of the
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Table 1
Gradients of soil organic carbon (SOC) levels (0-30 cm soil layer) and maize grain yields
on farmer fields at three locations in Western Kenya (from Tittonell et al. (2008)).

Location/position within the farm SOC (gkg™h) Grain yield (kgha™')*
Aludeka
Homestead field 10.9 1700
Midfield 6.6 1000
Outfield 6.7 700
Emuhaya
Homestead field 17.4 2400
Midfield 12.8 2200
Outfield 11.7 1400
Shinyalu
Homestead field 19.6 2600
Midfield 17.2 1700
Outfield 16.2 1400

@ Average maize grain yields during the 2002 long rains season.

higher use of manure or composted household waste on the homestead
fields compared to the other fields. Besides, the higher soil fertility
combined with better overall management (including the use of mineral
fertilizers) of homestead fields gave rise to higher crop yields (Table 1),
which in turn results in higher carbon inputs (via roots, and residues if
left on the field). These findings suggest that there is a wide scope for
storing SOC in the midfields and outfields; in the presented case study
between 10-40% of the original SOC levels. On the other hand, SOC
storage on those fields is not achieved given the limited production
resources of the farmers. Several authors pointed out that SOC storage
can only be achieved with increased nutrient (most importantly, ni-
trogen) availability in soils (van Groenigen et al., 2006, 2017; Kirkby
et al., 2013, 2014; de Vries, 2014; Richardson et al., 2014).

The above spatial effects of differential allocation of limited re-
sources by farmers are also occurring at the larger scale of a village, as
for example illustrated in a study in north-east Zimbabwe by Zingore
et al. (2011). Wealthier farmers with cattle have usually fields with
higher SOC levels (especially their homestead fields) as a result of ap-
plication of manure compared to poorer farmers without cattle who do
not have manure. Moreover, crop residues from fields of non-cattle
farmers are often grazed by cattle of the wealthier farmers, reducing the
carbon inputs in the soils of these fields. As a result, fields of non-cattle
owners are SOC depleted. These fields represent an important carbon
sink, if farmers’ resources would allow to purchase and apply organic
manures, alone or in combination with mineral fertilizer. Although the
higher SOC storage in the fields of the wealthier cattle-owners are to a
large extent the results of a transfer of organic material from the
communal grazing areas and fields of non-cattle farmers to their own
fields, and does not constitute a net transfer of carbon from atmosphere
to soil, the higher SOC levels on fields of the wealthier farmers result in
higher nutrient use efficiency and crop yields, thus providing more
carbon inputs to the soil (via roots), and thus a net transfer of carbon
from atmosphere to soil.

4.3. Implementation and adoption of SOC restoration practices

Strategies for widespread adoption of SOC-restoration practices are
required for the 4%o initiative to be effective in mitigating climate
change. In sub-Saharan Africa, however, the challenge to implement
these strategies for agricultural soils is enormous. Many farmers are
extremely poor and live below the poverty line, often with the inability
to invest in new practices or technologies. It should also be clear that
for smallholders, climate change mitigation is no priority (Luedeling
and Neufeldt, 2012). Farmers’ priorities are to get immediate benefits
from farming and to ensure their food security (Jerneck and Olsson,
2014). Therefore, the entry point for promoting SOC-restoration prac-
tices should be on the grounds of increasing crop productivity through
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better soil quality, and not on the basis of climate change mitigation.
The majority of the management practices that build SOC represent,
however, “win-win” options, and strategies to implement these prac-
tices can be promoted on a “no regrets” basis (Smith et al., 2008), i.e.
they do provide other benefits even if the climate change mitigation
potential is not realized. Especially in low-input smallholder farming
systems, enhancing SOC storage positively impacts crop productivity
(e.g. Tittonell et al., 2008), and is expected to contribute to enhanced
resilience to climate change.

Despite these co-benefits, adoption of SOC-restoration practices,
such as agroforestry and conservation agriculture, by smallholders is
low in sub-Saharan Africa (Giller et al., 2009; Jerneck and Olsson,
2013). There are several technical, infrastructural, socio-economic, or
policy barriers to adoption. First of all, farm sizes are small (often less
than 2ha) which raise questions about the potential impact of tech-
nological interventions on farm income (Harris and Orr, 2014). Small
farm sizes make farmers also more risk averse in trying out new tech-
nologies and practices. Second, there is a general lack of effective
support for smallholder agriculture in much of sub-Saharan Africa, such
that there are actually economic disincentives to investment in agri-
culture (Ehui and Pender, 2005). Private sector support is often un-
certain, because only a small part of farm produce is marketed. Good
markets for sale of extra produce and for input supply are a prerequisite
condition for the widespread adoption of new agricultural technologies
that aim at productivity increase. Third, failure of efficient extension
services in most African countries limit the possibility to scale up best
management practices (Davis et al., 2008). Fourth, effective policies,
including input subsidies, which incentivize farmers to invest in new
technologies and practices are needed (Jayne and Rashid, 2013).

Farming systems and farmers in sub-Saharan Africa being highly
diverse, a major challenge with the development and dissemination of
practices such as conservation agriculture and agroforestry is the
identification of situations where they can offer major benefits (Giller
et al., 2011; Luedeling et al., 2011). Specific technologies should be
adapted and targeted to categories of farmers who are likely to benefit
from these technologies, and adapted to the local circumstances and
specific farming contexts. Features that need to be considered include
farmers’ production objectives and constraints, expected costs (re-
quirements in terms of inputs, equipment, labor), benefits (especially in
the short term), production and financial risk, input supply and mar-
keting, farmers’ perceptions, and technical advice. This can be achieved
through an innovation systems approach that fosters dynamic interac-
tions and collaboration among researchers, extension agents, farmers,
policy makers and the private sector (Schut et al., 2016). More gen-
erally, an alignment of agriculture and climate policy also appears to be
essential (Chabbi et al., 2017).

4.4. Recommendations for SOC monitoring in field experiments

Implementing the 4%o initiative on a large scale will require the
capacity to measure and monitor SOC stocks with acceptable accuracy,
quantifiable uncertainty and at relatively low cost (Paustian et al.,
2016). This implies the combination of direct measurements with
modeling approaches (Post et al., 2001). For example, repeated mea-
surements at a given site are needed to establish relationships between
environmental and management factors and SOC dynamics to improve
statistical and quantitative models as tools in monitoring, reporting and
verification systems for carbon in soils (Batjes and van Wesemael,
2015). Our review clearly highlighted the scarcity of good quality data
on SOC stocks under agroforestry and conservation agriculture prac-
tices in sub-Saharan Africa.

In general, there is a lack of standardized procedures for studying
and reporting SOC storage, making it difficult to evaluate the precise
effect of a given management practice. We recommend the use of the
diachronic approach to estimate SOC storage rates given the high un-
certainty with the synchronic approach because of spatial variability of
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soil properties that may influence SOC storage rates (e.g. Cerri et al.,
2004). A prerequisite for interpretation of reported SOC data is in-
formation on the experimental design together with soil sampling
methods (including sampling depth), sample size and a measure of
variance of SOC stocks. Soil sampling depth was reported for different
soil depths across the studies that we analyzed. Although the 2006 IPCC
guidelines recommend a reference depth of 30 cm, it is useful to have
estimates for SOC stocks of the entire root zone or to a depth of 1 or
2m, especially in agroforestry systems (Cardinael et al., 2015a, 2018).
Amongst other minimum data to be reported are the exact location of
the experiment, climate, soil type and texture, soil bulk density, land-
use history, date of establishment of the SOC-restoration practice, land
management practices (e.g, fertilizer and organic residue applications),
tree density and spacing as well as the management of pruning residues
in the case of agroforestry systems. Finally, an estimate of the plant
productivity in the experiments is helpful for interpretation of mea-
sured SOC storage rates as it determines the carbon inputs into soil.

5. Conclusions

Our systematic review of published literature showed that both
agroforestry and conservation agriculture have a large potential to in-
crease SOC stocks above the rate of 4%oyr ™' in sub-Saharan Africa.
Respectively 80 and 64% of the observations in the published studies
had rates that were larger than 4%oyr~' (Fig. 2). The data showed,
however, a very large variability. As a result, we found that only the
agroforestry practice of fallows and multistrata systems led to SOC
storage rates significantly higher than 4%oyr~' (Fig. 3). Among the
agroforestry systems, parklands showed the lowest SOC storage rates, a
median rate of 8%oyr~'. Only “full’ conservation agriculture, i.e. with
all three principles implemented, resulted in SOC storage rates that
were significantly higher than 4%o yr 1. The lowest rates were attained
with no-tillage without residue retention.

The example of SOC gradients across different fields of individual
farms and across farms illustrates the potential and challenges in in-
creasing SOC stocks in the context of African smallholder agriculture.
Low SOC levels are to a great extent the result of the limited resources
of smallholder farmers in sub-Saharan Africa. Since climate change
mitigation is not a priority for these smallholders, the 4%o initiative has
to be implemented on the grounds of the co-benefits that are offered
through improved SOC storage. It means that for the African situation
SOC-restoration practices should be promoted on the basis of their
positive impact on crop productivity. Furthermore, these practices need
to be targeted and adapted to the specific bio-physical and socio-eco-
nomic situations of the farmers. The strategies to implement the 4%o
initiative in sub-Saharan Africa include the promotion of good markets
for sale of extra produce and for input supply, effective private support
and policy, including credit schemes and subsidies for inputs, and ef-
ficient extension services which incentivize farmers to invest in new
technologies.

In conclusion, we argue that there is a great potential for SOC sto-
rage in agricultural soils of sub-Saharan Africa given the large areas of
SOC-depleted soils. Practices such as agroforestry and conservation
agriculture have a potential to restore SOC in these soils. The efficiency
in doing so will depend on the specific situations and will need eco-
nomic support to smallholder farmers. Climate change mitigation
should be seen as a no-regret option, not as a key driver for promoting
best management options. The key driver is increased farm income
through higher crop productivity.
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