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African smallholder farming systems are complex, diverse and locally adapted, but guidance is lacking
on how farmers can make informed choices of the type of organic inputs to suit their farm conditions. In
this review we aimed to provide a synthesis of actionable information on ex situ and in situ organic

resources and decision support tools to facilitate evidence-based choices by smallholders in cereal

production systems in sub-Saharan Africa.

Most African smallholder farms are plagued by soil health constraints
including soil acidity and associated toxicities, declining soil organic matter
(SOM), and nutrient deficiencies and imbalances. Yields of staple crops such
as maize have also stagnated in many parts of sub-Saharan Africa despite the
large investments in crop breeding, availability of high-yielding varieties,
and the increased use of synthetic fertilizers in some locations'™. While the
use of synthetic fertilizers has been a primary factor in yield gains, fertilizer
rates used to achieve the ecological yield potential are not profitable in many
cases”. Indeed, the ‘economic yield gap’ - the difference between current
yield and profit-maximizing yield - is only about one-quarter of the eco-
logical yield gap for rainfed maize’. The reported low profitability of mineral
fertilizer for many farmers is emblematic of constrains including low
organic matter leading to low fertilizer response, drought, limited spatial
targeting of inputs, high fertilizer costs, and market failures among others™’.
Although the basic principles for agronomic practices and fertilizer rates are
well-established, the applicability of such recommendations is highly
context-dependent in sub-Saharan Africa. Market fluctuations, local
demand, and resource heterogeneity are part of the complexity of African
smallholder farming systems which requires hyper-local knowledge’.

In the case of synthetic fertilizers, decision support tools exist for
optimization of nutrient use’™"". Such tools do not exist for organic inputs,
which are heterogeneous in terms of their nutrient profiles and available
quantity as they are often produced locally with highly variable and sub-

optimal management. Efficient use of locally available organic resources
requires appropriate, landscape-and knowledge-based targeting and man-
agement of individual inputs to increase soil organic matter and synchrony
of crop nutrient demand with supply. Over the years, several organic inputs
and crop diversification approaches have been tested and promoted to
improve soil health and productivity. Yet uptake of these inputs by African
smallholder farms have remained low due to a variety of constraints'' ™.
Although the broad outlines of policy rhetoric support sustainability and use
of organic inputs, more policy emphasis and input subsidy programs are
biased towards synthetic fertilisers. For example, the preponderance of
subsidy programs that support synthetic fertilizers''® is emblematic of this
bias. Although the soil health and productivity benefits of organic inputs
have been well-established, their use at scale has faced significant barriers in
Africa. Therefore, the key for increasing the uptake of organic inputs by
farmers lies in understanding the benefits and trade-offs associated with
each input, and how management practices can be tailored (hyper-loca-
lized) to the enormous diversity of farm conditions'”"*.

A fundamental challenge is that the research system generates many
“options”, but few are locally applicable, relevant, or economical to apply.
Therefore, the efficient utilization of what researchers see as options requires
hyper-localization to increase their adoptability'’. That suggests a new
approach to farmer capacitation through evidence-based guidance and
decision support tools. In this review, our aim was to identify options for
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ex situ and in situ organic resources to facilitate evidence-based choices by
smallholders, and decision support tools for localization and/or hyper-
localization. Localization is the extrapolation of recommendations based on
interpolated geospatial information alone. The defining characteristic of
hyper-localization is the combined use of geospatially interpolated (space-
to-place) information with farmer’s knowledge and field inputs.

Integrated organic and inorganic nutrient management is widely
recognized as the basis for soil health for resilient productivity gains in
Africa”. Inorganic input management through fertilizer use has been the
primary focus of research synthesis in Africa'®”. Organic inputs on the
other hand are less well understood in the smallholder farm context in
Africa. While a few reviews and global meta-analyses have synthesized
information on organic inputs and their benefits’**, the information is
either fragmented by discipline or not sufficiently site-specific. The overall
goal of this work is to provide a synthesis of the scattered literature on
organic inputs and glean actionable information from the various reviews
and meta-analyses. The specific objective of this synthesis is to answer the
following outstanding questions: (1) What organic options are available to
African smallholder farmers? (2) What are the benefits and trade-offs
associated with each options? (3) What are the farmers” production con-
straints that could be addressed using each of the available inputs? (4) Under
what circumstances and contexts are the soil health and productivity gains
positive? (5) What are the farm conditions and farmer contexts that can
drive the choice of each input? (6) What decision-support tools are needed
to guide hyper-localization of inputs?

Based on the approaches and the location relative to the farm, organic
resources used for soil health improvement can be divided into ex situ and
in situ inputs. We limited the scope of this review to ex situ and in situ
organic inputs used in cereal production systems in sub-Saharan Africa. In
most of this review, we used maize as a case study because it is a strategic
crop in 48 out of the 54 African countries®, and a source of livelihoods in at
least 9 out of the 15 farming systems in Africa”. In addition, the largest
number of studies (87) we found are on maize while the rest of the crops
were reported in less than 30 studies (Table S1). We synthesized the state of
knowledge on the ex situ and in situ options available to farmers by inte-
grating quantitative and qualitative information from our own meta-
analyses as well as reviews and meta-analyses already published separately
on each input. Based on past reviews and/or meta-analyses™** ™, we
identified options (Table 1) that are in wide use, with information on their
biophysical performance, economic viability and suitability. Wherever
information is available, we provide evidence for improvements in crop
yields and soil health indicators as defined by Lehmann and co-workers™.
We did not include biochar and biomass from perennial lay crops in this
review due to lack of data and information on their use by African small-
holder farmers.

Results

Ex situ and in situ options available to smallholder farmers

The options available to farmers fall under two different categories, namely,
ex situ and in situ approaches. Ex situ approaches consist of a set of practices
that capture carbon and produce biomass outside the field, then the biomass
is transported to fields to improve soil health and maintenance of soil
organic matter. These include off-farm production of livestock manure,
compost, and tree prunings from agroforestry systems (Table 1). Tree
prunings and litter biomass produced in another farm or on farm bound-
aries can be used as ex situ inputs™. The in situ options available to farmers
are crop residue retention, diversification with grain legumes, green manure
legumes, ley rotations with perennials'’, and fertilizer trees, ie., N fixing
perennials (trees or shrubs) managed on crop land in a variety of spatial and
temporal arrangements™.

Livestock manure and compost. Every year, large quantities of live-
stock manure are produced across Africa, albeit with large differences
among regions and countries. Over 730 million metric tons of cattle
manure on dry matter basis are generated annually of which about 360,

156, 92, 87 and 34 million metric tons is generated in eastern, western,
northern, middle and southern Africa, respectively3 ! Where livestock
manure is readily available, much of it is not used for soil amendment by
farmers due to either lack of labour, knowledge, cultural norms, and other
competing uses of manure'>">**. In addition, the bulky nature of manure,
relative to its nutrient density, and the time and labour needed for
transporting and applying it limits the area over which it can be eco-
nomically applied®. Factors known to influence farm-level adoption of
manure include household and farm characteristics (e.g., gender of
household head, age, household size, and farm size), institutional factors
(e.g., access to credit, social grants and extension services), geographic
factors (e.g., proximity to markets and roads) and soil characteristics'**.
The trade-offs commonly associated with livestock manure (Table 1) are
the proliferation of weeds in crop fields” ™ and greenhouse gas (GHG)
emissions. The spread of weeds may be tackled by composting manure,
which can kill weed seeds and reduce the total number of viable weeds by
up to 85%”.

The availability and use of livestock manure also depends on the degree
to which crop and livestock production is integrated in a farming system™.
In the pastoral farming system, only a small proportion of the manure
produced is used for soil amendment in crop production but is the major
nutrient source for rangeland and pastures. In this farming system, some
pastoral communities struggle with manure disposal'>* or do not even use it
at all due to cultural norms and beliefs"’. In the pastoral and agro-pastoral
farming systems, livestock mobility also makes the collection of manure
more challenging because much of it is directly deposited on pastureland. In
the maize mixed, cereal-root crop mixed and root and tuber crops farming
systems, farmers have fewer cattle”, and therefore access to livestock
manure is limited. However, manure from small ruminants (goats and
sheep) or nonruminants (swine, poultry) can be easily available as these
animals require less feed and space than cattle. Despite the availability of
goat and chicken manure in large quantities, farmers rarely use them in
some countries due to lack of knowledge or cultural beliefs™***. In farming
systems where livestock are managed intensively, farmers widely use
manure collected from stall-fed cattle or procured from commercial farms
to fertilize nearby crop fields™*”. Manure application rates varies from 1 to
38t ha™' with median values of 5-6 in both sole-applied manure and
manure + NP(K) fertilizer (Table S2).

Using data from a total of 182 studies across Africa, we estimated that
soil application of manure can add on average 277 kg C per ton of cattle or
sheep manure and ~284 kg C per ton of poultry or swine manure on a dry
matter basis (Table S3). One metric ton of cattle manure can also input to the
soil on average (median) 12 kg of N, 3 kg of P and 12 kg of K. On the other
hand, one ton of chicken manure can input to the soil 21 kg of N, 12 kg of P
and 13 kg of K. In addition, livestock manure adds large quantities of Ca,
Mg, S, Fe, Zn and Mn. Even where some of these nutrients are not yield-
limiting, application of manure can play a critical role in increasing SOC
stocks and buffering soil pH. However, the N concentration of all livestock
manure is very low and varies with the state of decomposition. For example,
the median N concentration was 1.7% in fresh manure, 1.3% in farmyard
manure, and 1.4% in composted manure. In addition, only 7-22% of the N
contained in manure is released in mineral form in the first season, and the
N fertilizer equivalency of cattle manure is only 10-35%"". This means that
about 22% of the manure N is likely to be available for plant uptake in the
current season. On the other hand, the P and K is largely available in mineral
form in manure, and over 70% of it is plant-available in the first season’.
The N to P ratio was also less than 6 (i.e., N-limited) in manure regardless of
the livestock species (Table S3), the digestive physiology of livestock and the
decomposition state of manure (Table S4). This indicates that all livestock
manure needs to be supplemented with synthetic N fertilizer for the applied
manure to be efficiently used for increasing SOC and crop yields*. Since N is
a critical factor for carbon cycling and the storage of SOC", adequate N
needs to be combined with manure to facilitate the production of plant
biomass (e.g., maize residues), which become sources of carbon input to
the soil.
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Table 1 | Summary of ex situ and in situ approaches, the soil health constraints and farmers’ production and household
constraints they can address and the relevant farming systems

Input/approach Soil health constraint addressed by theinput ~ Farmers’ production and household Trade-offs and constraints
constraints addressed by the input
Ex situ
Livestock manureand  Soil acidity; declining SOM; nutrient Declining crop productivity; lack of cash  Availability and shortage due to its multiple uses;
compost deficiencies; nutrient imbalances; Al and Fe to buy synthetic fertilizers spread of weeds; GHG emissions; labour for

toxicity; poor soil water content/permeability

transporting and applying; low nutrient content

Biomass transfer

Declining SOM; nutrient deficiencies; nutrient

Declining productivity; shortage of

Shortage due to its multiple uses; labour for

(agroforestry) imbalances; poor soil water content/ livestock fodder transporting and applying
permeability
In situ
Cropresidueretention  Soil erosion; soil acidity; declining SOM, Declining crop productivity; loss of Low livestock productivity (competition with use

reduction in temperature, reduced
evapotranspiration, poor water infiltration

topsoil, heat and drought stress

as livestock feed); temporary reduction in maize
yields due to N-lockup; GHG emissions; open
grazing; change in farmer practice

Intercropping with
grain legumes

Declining SOM; N deficiencies; pest and
diseases build up; poor water infiltration

Declining landholding size; declining
crop productivity; dietary deficiencies;
weed problems; poor food nutrient
diversity

Nutrient mining; crop competition; land use
change

Rotation with grain
legumes

Declining SOM; N deficiencies; soil-borne

diseases; pest and diseases build up; poor

water infiltration

Declining productivity; dietary
deficiencies; shortage of protein-rich
food; weed problems; poor food nutrient
diversity

Nutrient mining; large land requirement

Rotation with green

Declining SOM; nutrient deficiencies; nutrient

Declining productivity; weed problems

Land not used for food production; labour and

manures legumes imbalances; pest and diseases build up; soil

borne diseases; poor water infiltration

machinery requirement to incorporate into soil;
knowledge intensive to target

Agroforestry:
Intercropping

Declining SOM; nutrient deficiencies; nutrient
imbalances; soil acidity; pest and diseases
build up; poor water infiltration

Declining productivity; lack of cash to
buy fertilizers; weed problems; poor food
nutrient diversity

Labour for trimming and soil incorporation;
knowledge intensive; time to establish

Agroforestry:
Rotations

Declining SOM; nutrient deficiencies; nutrient
imbalances; pest and diseases build up; soil
acidity

Declining productivity; lack of cash to
buy synthetic fertilizers; shortage of fuel
wood; shortage of livestock fodder;

Land not used for food production; labour for
clearing fallows and soil incorporation; knowledge
intensive; time to establish

weed problems

Our meta-analysis of data from 56 studies across Africa provided
evidence for significant reductions in soil bulk density, increases in soil pH,
SOC, total N, available P, and exchangeable cations following application of
sole manure (at a rate of 0.3-30 t ha™'; median rate: 6 t ha™*) or manure +
synthetic fertilizer relative to the baseline in 1-3 seasons (Fig. 1). The greatest
reduction in soil bulk density was achieved following manure application
relative to the baseline (Fig. 1a). This signifies improvements in soil physical
properties were higher following manure applied alone than either manure
+ NP(K) fertilizer or fertilizer alone.

Substantial increases in soil pH were achieved following application
of sole manure on sites with medium rainfall, strongly acid soils and
medium initial SOC levels (Table 2). The highest increases in SOC were
achieved on sites with medium to high rainfall, soils with neutral reaction,
low initial SOClevels and SOC to clay ratios <0.08% (Table 2). The greater
increase in SOC on soils with initial SOC < 1% was consistent with earlier
meta-analysis*’. Greater increases in total N were achieved relative to the
baseline following sole manure application on sites with high rainfall,
sandy soils, soils with high SOC levels and SOC to clay ratios higher than
0.125. In the case of available P, greater increases were achieved on sites
with high rainfall, acidic soils, soils with medium initial SOC levels and
SOC to clay ratios less than 0.08 (Table 2). These observations highlight
the need for a knowledge-based and hyper-localized use of livestock
manure as a soil health management input (see discussion under Way
Forward).

In our meta-analysis, exchangeable K, Ca, and Mg were substantially
increased following manure application. On the other hand, no change or
decreases in these cations were noted following application of the recom-
mended synthetic fertilizer under the same conditions (Fig. 2). These
observations are consistent with results from long-term studies” where
annual applications of the recommended fertilizer led to loss of exchange-
able cations. Taken together, the results indicate that livestock manure is an

important input for maintenance of SOC, base cations, and buffering soil
pH in areas undergoing soil acidification in Africa.

Meta-analysis of data from 85 primary studies across 14 African
countries also provided evidence for significant increases in maize grain
yield relative to the no-input control following application of livestock
manure alone (median: 75%; CI: 64, 85%) or manure + NP(K) fertilizer
(median: 129%; CI: 115, 146%). Application of manure + NP(K) fertilizer
also consistently increased yields of most of the other crops over sole manure
or NP(K) fertilizer alone (Table S1). Increases in maize grain yield following
sole manure application were significantly higher in regions with low
rainfall, on sandy soils, acidic soils, and soils with low-medium initial
SOC levels (Table 2). Maize grain yield increases following application of
manure + NP(K) fertilizer were significantly higher on sandy soils, strongly
acidic soils, and high initial SOC levels (Table 2). Our meta-analysis (Table
2; Table S1) shows that the combined use of manure and synthetic fertilizers
consistently achieves higher crop yields than the sole application of manure,
thus reinforcing the findings of past meta-analyses***” and long-term trials*.
Synergistic effects of combining manure and synthetic fertilizers were
observed in 11 out 0of 40 studies. One common feature of those studies is that
the soils at the study sites were strongly acidic (pH <5.5).

Grain yield responses did not significantly increase with increasing N
or P inputs either from manure or manure + NP(K) fertilizers (Fig. 3a &b).
Yet the agronomic use efficiency of N (AEN) decreased with increasing N
inputs either from manure or manure + NP(K) fertilizer (Fig. 3c).
Increasing the N rates beyond 100 kg ha™" tended to reduce AEN in both
sole manure and manure + NP(K) fertilizer. This is probably because of the
low yield potential of maize cultivars used by farmers and the lack of optimal
N fertilizer management. The agronomic use efficiency of P (AEP) did not
follow a clear trend with increasing N input rates (Fig. 3d). However, the
analyses provided clear evidence of increases in AEN and AEP with
increasing N to P ratio in manure + NP(K) fertilizer. In sole manure, AEN
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Fig. 1 | Changes in soil physical and chemical properties. Percentage changes
relative to the baseline in a bulk density, b soil pH, ¢ soil organic carbon (SOC),

d total nitrogen, e C to N ratios and f available P following 1-3 seasons of repeated
application of sole manure (ata rate of 0.3-30 t ha™'; median rate: 6 tha™'), manure +
NP(K) fertilizer, the reccommended synthetic fertilizer (Recom NP(K)) or the no-
input control in our meta-analysis. Notches in the box plots represent the 95%
confidence limits of the medians, while the whiskers represent the most extreme

Control Manure Manure+*NP(K) Recom NP(K)

values defined as Q1-1.5xIQR and Q3 + 1.5xIQR. The red horizontal line repre-
sents no change with treatment relative to the baseline (% change = 0). When the
horizontal red line falls within the 95% confidence limits, the soil health indicator is
deemed to have not significantly changed relative to its baseline value following a
particular treatment. Figures were created using the PAST (Paleontological Statis-
tics) software Version 4.11.

and AEP were lower when the N to P ratios are <6:1 or >10:1; the optimal
ratio was around 6-8 N tol P (Fig. 3e & f). The low N to P ratios (Table S3)
and the trends in AEN and AEP (Fig. 3e) emphasize that considerable N
deficit exists in all livestock manures. This is consistent with a recent
recommendation” for supplementation of the N added as manure with
synthetic N fertilizer to achieve P:N ratios of 1:7. The available evidence also
suggests that current application rates of livestock manure supply adequate
P and K inputs to the soil (Table S2 and S3). For example, using the median
application rate of 5 tha™" (Table S2) and the median value of P (3.3 kg) and
K (12.8 kg) per ton of manure (Table S3), we estimated P and K inputs at
16.5and 64 kg ha™', respectively. Therefore, we recommend that combining

livestock manure with P and K fertilizers should be discontinued at least
where large quantities of manure (>10 t ha™)are applied.

Biomass transfer. Biomass transfer involves moving tree/shrub biomass
produced in one part of the farm such as fallow fields, farm boundaries or
fodder banks for soil application in crop fields™. This is like the cut-and-
carry system, where the biomass is used as livestock fodder and the
manure generated is used for soil application. The species commonly used
include Calliandra calothyrsus, Gliricidia sepium, Leucaena leucocephala,
and Tithonia diversifolia***. The yield and soil improvement benefits of
biomass transfer are greater when combined with synthetic fertilizers**".
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Table 2| Effects of mean annual precipitation (MAP), soil texture, pH, initial soil organic carbon (SOC) content and the SOC: clay
ratio on percentage changes (relative to the baseline) in soil pH, SOC, total nitrogen available P and maize yields (relative to the
no-input control) following 1-3 seasons (1-2 years) of repeated application of livestock manure and manure + synthetic NPK

fertilizer
Changes (in%) relative to the baseline

Moderator Category pH SOC Total N Available P

1. Manure alone

Rainfall Bimodal 5(2,8) 21 (13, 31) 20 (6, 34) 62 (50, 99) 76 (64, 88)
Unimodal 2(1,3) 34 (26, 46) 2(0,21) 58 (33, 100) 71 (56, 92)

MAP (in mm) Low -1(-3,2) 52 (26, 100) 33 (33, 100) 88 (31, 280) 93 (81, 113)
Medium 6(4,12) 115, 31) 2(-7,22) 119 (74, 206) 67 (50, 100)
High 3(2,7) 30 (21, 36) 7(0,21) 41 (32, 56) 47 (31, 77)

Soil texture Clay 4 (v5, 6) 27 (3,58) —28(—38, -7) 38 (—29, 467) 64 (53, 87)
Loam 1(1,12) 62 (29, 139) —24 (—64, 30) 130 (84, 214) 42 (32, 60)
Sandy 3(2,6) 33 (25, 39) 21 (15, 33) 49 (30, 61) 104 (81, 126)

pH Strongly acidic 9(6, 11) 22 (13, 55) 12 (-4, 29) 49 (32, 59) 86 (64, 103)
Acidic 2(2,4) 32 (22, 36) 15 (1, 25) 9 (54, 105) 97 (73, 126)
Neutral 1(-2,9) 40 (27, 64) 33 (28, 93) 25 (6, 47) 28 (23, 70)

SOC initial Low 2(1,5) 49 (38, 61) 0 (0, 45) 56 (37, 80) 51 (43, 64)
Medium 74,9) 22 (16, 29) 21 (10, 29) 59 (47, 79) 154 (117, 207)
High 1(-1,3) —4(-10,3) 104 (30, 118) 8(8,32) 74 (56, 91)

SOC : clay <0.08 3(2,5) 49 (39, 58) —2(—4,5) 60 (41, 74) 61 (50, 77)
0.08-0.125 6(—1,8) 21 (18, 31) 38 (21, 100) 59 (35, 193) 98 (53, 123)
>0.125 2(2,9) 7(0,19) 99 (83, 110) 27 (23, 31) 00 (65, 159)

Manure +NPK

Rainfall Bimodal 6(4,7) 12 (5, 29) 12 (0, 20) 145 (38, 325) 106 (93, 120)
Unimodal -0.5(-2,1) 41 (28, 52) 19 (4, 38) 26 (11, 65) 130 (94, 155)

MAP Low 1(-1,6) 45 (—14, 123) - 30 (4, 123) 133 (112, 167)
Medium 5(2,10) 32 (15, 92) 25 (25, 42) 5(=3, 74) 153 (130, 171)
High 2(2,4) 25 (14, 36) 4(0,19) 71 (40, 145) 93 (55, 237)

Soil texture Clay 3(3,10) 9(8,53) 2 (-9, 40) —2(-21,6) 118 (99, 143)
Loam 8(2,15) 73 (56, 123) 38 (21, 65) 105 (86, 205) 97 (69, 151)
Sandy 2(1,4) 30 (21, 46) 6 (2, 25) 65 (42, 138) 195 (146, 239)

pH Strongly acidic 6(5,10) 28 (19, 48) 9(17,41) 84 (44, 142) 158 (136, 180)
Acidic 2(0,3) 25 (8, 45) 4(0, 25) 42 (22,129) 136 (107, 178)
Neutral 119, 14) 47 (18, 85) 25 (25, 125) 60 (32, 98) 63 (42, 106)

SOC initial Low 0(-1,3) 47 (31, 54) 8 (0, 26) 37 (24, 56) 72 (67, 85)
Medium 6(4,7) 3(3,28) 17 (13, 25) 182 (60, 325) 183 (138, 233)
High 73,11 6 (5, 48) 2 (-8, 39) 87 (4, 184) 200 (179, 237)

SOC : clay <0.08 2(-1,3) 48 (45, 60) 12 (2, 25) 2 (11, 47) 127 (103, 146)
0.08-0.125 5@4,7) 2(-11,16) 7(7,16) 356 (320, 412) 106 (95, 150)
>0.125 - - - - 383 (200, 754)

Figures in parentheses represent bootstrapped 95% confidence limits of the median values.

MAP was referred to as low, medium and high rainfall when it is <600, 6001000 and >1000 mm, respectively. Soil pH was referred to as strongly acidic, acidic and neutral whenitis <5.5, 5.5-6.5 and 6.6-7.5,

respectively. SOC was referred to as low, medium and high when it is <1, 1-2 and >2%, respectively.

A major limitation of biomass transfer is the time and labour required for
harvesting tree prunings and subsequent incorporation into the soil®.
However, in no-till systems, the biomass can be used as mulch to cover the
soil, which is important for temperature regulation and increasing bio-
logical activities. Compared to other agroforestry practices, biomass
transfer does not require a large farm size, and it is therefore suited to
households with smaller land holding but with larger family sizes™.
However, its adoption by households with very small landholdings may be
limited due to the less space available for tree planting

Crop residue retention. Every year, large quantities of crop residues are
produced across Africa’. For example, over 109 million metric tons of
maize residues on dry weight basis are produced annually of which about
43,11, 8, 14 and 32 million metric tons are generated in eastern, middle,
northern, southern, and western Africa, respectively3 !, However, less
than 45% of the residues generated are retained on the field” or used as
soil amendment’'. The availability of crop residues for soil application
depends on the farming system and crop/livestock interactions in the
landscape™. In the agro-pastoral farming system, open grazing competes
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Fig. 2 | Changes in exchangeable cations and cation exchange capacity (CEC).
Percentage changes relative to the baseline in a exchangeable potassium (K),

b exchangeable calcium (Ca), ¢ exchangeable magnesium (Mg) and d cation
exchange capacity (CEC) following 1-3 seasons of repeated application of sole
manure (at a rate of 0.3-30 t ha™'; median rate: 6 t ha™'), manure + NP(K) fertilizer,
the recommended NP(K) fertilizer (Recom NP(K)) or the no-input control. Notches
in the box plots represent the 95% confidence limits of the medians, while the

Control Manure Manure+NP(K) Recom NP(K)

whiskers represent the most extreme values defined as Q1-1.5xIQR and

Q3 + 1.5xIQR. The red horizontal line represents no change with treatment relative
to the baseline (% change = 0). When the horizontal red line falls within the 95%
confidence limits (notches), the soil health indicator is deemed to have not sig-
nificantly changed relative to its baseline value following a particular treatment.
Figures were created using the PAST (Paleontological Statistics) software Ver-
sion 4.11.

with crop residue retention, while in the pastoral, cereal-root crop mixed
and highland-mixed farming systems, farmers often remove crop resi-
dues either to feed livestock, for use as a source of energy or as con-
struction materials. The trade-offs commonly associated with crop
residue retention are the use for livestock feed’>*, reduction in maize
yields due to N immobilization (Table 3) particularly when cereal resi-
dues are incorporated in the soil, mechanisation for uniform planting,
and GHG emissions. Crop residue retention is essential in conservation
agriculture, defined as the application of minimum or no tillage, per-
manent soil cover and crop rotation. However, residue retention is
challenging in areas where free grazing by livestock is practiced™. Due to
lack of primary studies and meta-analysis in the African context, we were
unable to present information on the circumstances and contexts under
which retention of crop residues achieves greater soil health and pro-
ductivity gains relative residue removal. Therefore, we strongly recom-
mend future meta-analysis on these aspects to fill this knowledge gap.

Cereal-legume diversification

Various legume technologies have been promoted in African smallholder
farms for their high nutritional value, drought tolerance, and soil fertility
enhancing qualities'***. We limited this review to diversification of cereal
cropping systems with grain legumes, forage legumes, herbaceous green
manure legumes and fertilizer trees through either intercropping, crop
rotation, or other agroforestry arrangements. Generally, the uptake of these
technologies by smallholders has been low relative to their social and

ecological benefits and the efforts made in promoting them. According to a
me’[a—analysis14 of studies across sub-Saharan Africa, the adoption rate,
defined as the proportion of households who have taken up grain legume
technologies, was about 41% on average; 15 out of the 25 studies reported
adoption rates below 40%. The same meta-analysis identified extension
contact, farm size, livestock holding per household and distance to markets
as the main determinants of farmers’ adoption decisions'*. Other factors
cited as determinants of farmers adoption include knowledge, attitudes,
perceptions, belief systems or cultural norms'>.

Existing meta-analyses and reviews have provided evidence on the
yield benefits of diversifying with legumes globally”’, but synthesis of the
benefits in terms of soil health indicators are lacking in the context of African
smallholder farms. The benefits documented in primary studies in African
farming systems include carbon and nutrient inputs into the soil"™*,
increased crop productivity”**”***", suppression of weeds’*”’, and protein
and mineral sources supplementing the cereal-based diets of households™*".
Diversification with perennial legumes particularly offers African small-
holders on marginal and degraded lands greater opportunities for carbon
sequestration and restoring soil fertility®"”, increased resilience*”””", and
greater gross margins and nutritional value”. However, these benefits are
context-specific, and those contexts are discussed below under the different
diversification options.

Intercropping with grain legumes. Here we consider various forms of
intercropping with grain legumes”, green manure, and forage legumes
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a, b present the variations in grain yield with N and P application rates, respectively.
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¢, d present the variations in AEN and AEP with N application rates, respectively.
The smooth trend lines represent polynomial fit to the data. All trends were gen-
erated assuming quadratic response as it fits data better than linear functions. The
figures were created using MS Excel.

including those used in the push-pull technology™. In the push-pull
technology, labour requirement for trimming of Desmodium shoots and
incorporation of the biomass into the soil is the key constraint™. Per-
ennial food legumes such as long-duration pigeon pea can also be
managed by ratooning, supporting a multiyear doubled up intercropping
with a short duration groundnut in year one, followed by pigeon pea
intercropped with maize in year two’"”>. In addition to diversifying
income sources and household nutrition, intercropping also carries
reduced risks of production and financial failure'>™”. According to a
meta-analysis™ of studies from Africa, intercropping of various crops
increased yields of the intercrop on average by 23% and gross income by
US$ 172 ha™" across crops relative to the corresponding monocrop.
The benefits from intercropping vary with the design (replacement vs
additive), spatial arrangement and row configuration (mixed, row and strip
cropping), temporal overlap between components (relay vs simultaneous
planting), relative plant population density, characteristics of the cereal
genotypes (e.g., early vs late maturing) and the growth habit of legumes (e.g.,
spreading vs erect), synthetic fertilizer inputs and rhizobial
inoculation'***”*7*. According to a global meta-analysis of intercropping

studies, the replacement design provided significantly higher yield stability
than the additive design of cereal-legume intercropping”’. Another meta-
analysis found late maturing maize varieties to be more competitive, and
therefore resulted in reduction in the legume yields in maize intercropping
with cowpea”. In that meta-analysis erect and early maturing cowpea
varieties were found to out-yield spreading varieties in intercropping””.
The choice of synthetic fertilizer type and application rates can either
dampen or increase intercropping advantages. According to a recent global
meta-analysis, high N, P and K fertilizer inputs significantly decreased the
productivity and nutrient uptake in intercropping relative to the corre-
sponding monocrop’®. But this effect is often context specific. For example,
while N fertilizer inhibits the N-fixation capacity of legumes, it can reduce
competition for N between maize and the legume crops where N is limiting””.
When appropriately designed and managed, intercropping generally
increases land productivity relative to a monocrop’>”>”’, which is indexed by
the land equivalent ratio (LER) exceeding 1. However, the size of the LER
often depends on temporal niche differentiation between the component
species, growth habits of the legume species, climate, soil, and external
fertilizer inputs’®. According to recent meta-analyses™*, greater LERs
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Table 3 | Comparison of maize yield responses to in-situ and ex-situ inputs in different contexts represented by mean annual
precipitation (MAP), soil texture, soil pH, soil organic carbon (SOC) and SOC to clay ratios across Africa

In-situ inputs

Ex-situ inputs

Moderator Category Crop residues Green manures Manure Biomass transfer NP(K) fertilizer
OR only
MAP High 17 (10, 32) 89 (71, 100) 93 (81, 113) 120 (94, 183) 94 (63, 119)
Medium —14(-30, -4) 34 (27, 53) 67 (50, 100) 27 (19, 47) 92 (79, 111)
Low —3(—65, 89) —10(-33, 275) 47 (31, 77) 8 (-35, 356) 68 (52, 119)
Soil texture Clayey 15 (8, 38) 89 (71, 100) 64 (53, 87) 131 (83, 187) 79 (60, 92)
Loamy —7(-19,15) 31 (20, 57) 42 (32, 60) 50 (33, 82) 110 (65, 133)
Sandy —16(—31, 43) 43 (22, 76) 104 (81, 126) 50 (21, 100) 78 (60, 118)
Soil pH Strongly acidic - -- 86 (64, 103) -- 91 (66, 110)
Acidic = = 7 (73, 126) = 104 (81, 121)
Strongly acidic - - 28 (23, 70) - 66 (55, 94)
SOC High 30 (22, 85) 74 (55, 149) 51 (43, 64) 65 (45, 99) 63 (47, 84)
Medium —14(-27,2) 2 (63, 99) 154 (117, 207) 133 (83, 191) 113 (82, 140)
Low —11(-31,0) 32 (20, 50) 74 (56, 91) 68 (35, 104) 108 (77, 123)
SOC: clay <0.08 3(-12,31) 50 (35, 70) 61 (50, 77) 52 (42, 99) 55 (37, 72)
0.08-0.125 - - 98 (53, 123) 100 (86, 178) 159 (119, 269)
>0.125 15(-18, 63) 74 (39, 455) 100 (65, 159) 78 (29, 235) 104 (26, 200)
OR + NP(K)
MAP High 56 (46, 72) 139 (113, 167) 133 (112, 167) 213 (193, 258) NA
Medium 52 (29, 86) 72 (54, 92) 153 (130, 171) 120 (80, 151) NA
Low = = 93 (65, 237) 92 (73, 114) NA
Soil texture Clayey 67 (49, 89) 143 (133, 175) 118 (99, 143) 233 (213, 285) NA
Loamy 41 (13, 64) 56 (34, 87) 97 (69, 151) 76 (65, 129) NA
Sandy 63 (45, 208) 100 (73, 132) 195 (146, 239) 144 (122, 199) NA
Soil pH Strongly acidic = = 158 (136, 180) - NA
Acidic — — 136 (107, 178) — NA
Strongly acidic - - 63 (42, 106) - NA
SOC High 46 (41, 93) 95 (69, 162) 72 (67, 85) 68 (59, 161) NA
Medium 50 (22, 67) 167 (143, 208) 183 (138, 233) 193 (154, 215) NA
Low 60 (43, 87) 71(54,102) 200 (179, 237) 200 (155, 275) NA
SOC: clay <0.08 46 (36, 83) 65 (54, 92) 127 (103, 146) 124 (89, 162) NA
0.08-0.125 = = 106 (95, 150) 161 (77, 206) NA
>0.125 26 (—40, 156) 94 (61, 259) 383 (200, 754) 117 (37, 309) NA

Values in parentheses are the bootstrapped 95% CI of the medians. Categories of moderators or inputs are deemed significantly different if their 95% CI do not overlap.
MAP was referred to as low, medium and high rainfall when itis <600, 600-1000 and >1000 mm, respectively. Soil pH was referred to as strongly acidic, acidic and neutral whenitis <5.5,5.5-6.5and 6.6-7.5,

respectively. SOC was referred to as low, medium and high when it is <1, 1-2 and >2%, respectively.

-- Data not available or inadequate; NA = not applicable.

*Estimates for crop residues and biomass transfer are from re-analysis of data in Chivenge et al. (2011), those for green manure are from re-analysis of data in Chivenge et al. (2011) and Sileshi et al. (2010)

**Estimates for manure and the recommended NP(K) fertilizer are from the current meta-analysis.

All values represent the median yield increase relative to a no-input control. “OR only” and “OR -+ NP(K)” represent the organic input alone and the organic input combined with synthetic fertilizer,

respectively.

were achieved with maize-pigeon pea (LER = 1.57) and maize-groundnut
(LER =1.50-1.52) than maize-common bean (LER=1.31-1.34), maize-
soybean (LER = 1.30-1.35) or maize-cowpea (LER = 1.26-1.42) intercrops.
The higher LER obtained with pigeon pea is likely because pigeon pea has
deeper roots than the maize crop®' thus achieving greater niche differ-
entiation than other grain legumes.

The main trade-offs (Table 1) often associated with intercropping
maize with grain legumes are nutrient mining through grain harvest with
edible seeds, competition with the companion crop, and labour constraints
to manage the involved crops™’*"**’. For example, in maize-pigeon pea
intercropping, annual net removal of N was estimated at 31-49 kgha™" in
Malawi and 35-68 kgha™ in Tanzania. Annual net removal of P was

9-17 kgha" in Malawi and 6-25kgha™" in Tanzania in maize-pigeon pea
intercropping”. Competition by maize in the intercrops suppressed bio-
mass of pigeon pea by up to 60% and grain yields by 33% in Tanzania™. At
the same time, N input to the soil can be substantial from maize-pigeon pea
intercrops (30-100 kg N ha™ annually) and there is evidence of soil organic
matter accrual under pigeon pea®. Perennial and long-lived growth habit
forms of legumes are the primary means of ensuring high biological
nitrogen fixation, phosphorus solubilization and soil organic matter gains as
these ecosystem services require sufficient biomass and time to accrue®.
Trade-offs such as competition can be mitigated through informed choice of
rotation cycles with cereals, intercropping designs, component crops, and
synthetic fertilizer inputs.
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Table 4 | Comparison of maize yield response to rotations with
grain legumes and green manure legumes under different
contexts represented by mean annual precipitation (MAP), soil
texture, soil pH, soil organic carbon (SOC) and total nitrogenin
the topsoil across Africa

Rotation with

Moderators Category Grain legumes  Green manure
legumes
Overall -- 20(17,28) 61 (53, 70)
MAP High rainfall 29 (18, 37) 80 (68, 91)
Medium rainfall 19 (15, 28) 42 (25, 54)
Low rainfall 17 (12, 24) -
Soil texture Fine 24 (16, 34) 51 (25, 69)
Medium 32 (20, 48) 95 (84, 115)
Coarse 5(11,23) 50 (43, 61)
Soil pH Strongly acidic 16 (13, 20) 59 (38, 75)
Acidic 29 (19, 36) 64 (56, 71)
SOC initial Low 20 (16, 28) 40 (31, 57)
Medium 9 (11, 35) 106 (86, 114)
High 25 (15, 36) 51 (39, 62)
Soil total N (in %) <0.15 18 (13, 21) 44 (33, 60)
>0.15 38 (30, 53) 74 (63, 87)

Values in parentheses are 95% Cl of the medians. Categories of moderators are deemed
significantly different from each other if their 95% CI do not overlap. Figures in bold face indicate
significantly large increases among categories within a moderator.

MAP was referred to as low, medium and high rainfall when it is <600, 600-1000 and >1000 mm,
respectively. Soil pH was referred to as strongly acidic, acidic and neutral whenitis <5.5, 5.5-6.5 and
6.6-7.5, respectively. SOC was referred to as low, medium and high when it is <1, 1-2 and >2%,
respectively.

-- Data not available or inadequate to estimate 95% Cis.

All values represent the median yield increase in % relative to a no-legume control. Estimates are
based on re-analysis of data from studies on maize in Africa in the Supplementary material of the
meta-analysis by Zhao et al. (2022).

Rotation with grain legumes. The choice of legume and cereal crop
species, the intended use of the legumes (i.e., grain, forage, green manure)
and management affect the quantity and quality of organic inputs and the
potential benefits to the cereal crop in the rotation””"*. Rotation with
grain legumes may involve single species or doubled-up legume
rotations”**””. The doubled-up legume rotation involves two legumes
with complementary phenology (e.g., groundnut/pigeon pea or soybean/
pigeon pea) grown in rotation with maize®”””.

A growing body of evidence from meta-analyses exist on yield benefits
with maize-grain legumes rotations under the right conditions. According
to a global meta-analysis®, the overall yield increase was 20%, with greater
yield advantages (32%) in low-yielding environments such as those in Africa
than in high-input environments (7%). Yield advantages were also greater in
low N input conditions™, but the benefits declined with increasing N fer-
tilizer applied to the main crop®. Yield benefits of rotation were also greater
with conservation tillage than conventional tillage®. Our re-analysis of the
data from Africa (reported in Zhao et al,, 2022)*° revealed that yield gains
were higher in maize rotation with pigeon pea (33%; CI 12-43%) and
groundnut (31%; CI 19-40%) than common beans (19%: CI 14-39%) and
cowpea (16%: CI 12-20%). Yield benefits with maize-grain legume rotations
were generally higher on acidic soils, high initial SOC and total N contents
exceeding 0.15 (Table 4).

Rotation with green manure legumes. Green manure legumes include
species that are grown to be turned under as soil amendment and sources
of nutrients for subsequent crops. The species widely tested in maize
growing areas in Africa belong to the genera Aeschynomene, Canavalia,
Calpogonium, Vicia, Centrosema, Chaemacrista, Clitoria, Crotalaria,

Desmodium, Glycine, Lablab, Macroptilium, Mucuna and various Stylo-
santhes species”*>”. Earlier meta-analyses”®” have shown that
improvements in maize grain yields following green manure legumes
significantly differ with soil type, soil clay content, elevation and mean
annual precipitation. Our re-analysis of data from Chivenge et al. (2011)*
and Zhao et al. (2022)° shows that yield benefits following green manure
legumes are higher in areas with high rainfall, on clayey and medium
textured soils, soils with medium initial SOC and high total N (Table 4).
Yield benefits were also higher with green manure legumes than grain
legumes in any given context (Table 4). The main trade-off with green
manure legumes is that they occupy land for at least a year, which could
be used for growing crops (Table 1) and adoption by farmers has been
very low partly because they do not produce edible or sellable products.

Agroforestry practices. Agroforestry is an umbrella term that covers a
wide variety of practices involving the deliberate integration of trees,
crops and/or livestock. Agroforestry practices may vary widely in species
composition and tree density and management depending on farmers’
needs and preferences. In this review, we focus only on those practices
that have been well-documented in maize cropping systems in Africa.
These include intercropping, alley cropping (or hedgerow intercropping)
and rotations with fertilizer trees belonging to the genera Acacia, Alnus,
Calliandra, Casuarina, Erythrina, Faidherbia, Gliricidia, Parkia, Sesba-
nia, Tephrosia, Senegalia and Vachelia etc”. Typical examples of the
intercropping with trees include the Gliricidia-maize intercropping
predominantly practiced in the maize-mixed farming system in southern
Africa and planting maize between stands of Faidherbia in the agro-
pastoral farming system in the Sahel, East Africa and southern
Africa®"*"**¥_ Gliricidia-maize intercropping is suited to farmers with
small landholding sizes. In this system, nutrient mining and competition
are minimal because tree seeds or biomass are not exported and the
overlap between the root systems of maize and Gliricidia is highly
limited"'. However, Gliricidia requires regular trimming, and therefore
the labour requirement is the main constraint®. Alley cropping involves
growing perennials in rows and cultivating arable crops or pasture grasses
in the alleys between tree rows®'. This is typically practiced in the cereal-
root crop mixed farming system in West Africa®.

The rotational system often takes three forms; (1) improved fallows
where fast growing fertilizer trees are grown for 2-3 year and maize is
planted after fallow clearance for 2-3 years, and the same rotation can be
repeated indefinitely; (2) rotational woodlots combining intercropping
maize with trees during the first year, then leaving the land as a tree fallow,
and finally intercropping maize after clear-felling the trees™*"* and (3)
taungya, where young trees are intercropped with crops during tree estab-
lishment and then left to grow afterwards. The improved fallow rotation
may involve single species or a mixture of grain legumes (e.g., pigeon pea),
shrubs (e.g., Tephrosia) and trees (e.g., Sesbania) planted together to achieve
greater synergies in resource acquisition and use efficiency™.

Evidence from past reviews and meta-analyses have firmly established
the soil health and productivity benefits of both the intercropping and
rotation options with fertilizer trees”*****. According to a recent meta-
analysis“, fertilizer trees increased SOC by 21%, available N by 46%,
available P by 11%, and reduced erosion rates by 60-80% depending on the
soil texture in humid and subhumid regions. Greater increases in SOC
concentrations were achieved on strongly acidic soils than on neutral soils™.
Deep-rooted perennials in this system create a more closed nutrient cycling
via deep nutrient capture, increased supply of N through biological N-
fixation, increased litter inputs and soil biological activity®"****. Deep capture
involves retrieval of nutrients leached beyond the reach of maize crops such
as P, K, Mg, Ca, thereby increasing nutrient cycling and buffering soil pH®'.
These systems also significantly improve soil physical properties” and
achieve greater maize yields than rotations with green manure legumes™**".
The main trade-offs in rotational systems are that the trees occupy land for
2-3 year without food crops (Table 1), and tree management is knowledge-
and labour-intensive than monoculture maize'.
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Table 5| Variations in concentrations (median values in % on dry matter basis) ' of organic carbon, total nitrogen, total
phosphorus, lignin, polyphenols, the C to N (C:N) and N to P (N:P) ratios in manure from different livestock species, residues from
grain legumes, green manure legumes, woody legumes, non-leguminous shrubs/trees, and cereal straw

Residue source

Nutrient concentrations (in % of dry matter)

[Number of studies]* Carbon Nitrogen Phosphorus C:N N:P

Cattle manure [119] 27.7 (25.4-29.4) 1.2(1.2-1.4) 0.33 (0.30-0.40) 21.1(20.2-22.3) 3.6 (3.3-3.9)
Goat manure [32] 26.8 (24.9-32.7) 1.9(1.6-2.2) 0.31(0.30-0.40) 16.3 (13.5-19.9) 5.3 (5.0-6.6)
Sheep manure [9] 27.7 (23.3-33.1) 1.9 (1.5-2.2) 0.29 (0.23-0.73) 15.0 (12.1-21.6) 4.6 (3.0-6.8)
Poultry manure [68] 28.3 (24.4-34.8) 2.2 (2.0-2.4) 1.25 (0.87-1.34) 13.0(10.8-15.5) 2.1(1.8-2.5)
Swine manure [10] 28.5(23.3-42.3) 1.9(1.5-2.2) 0.80 (0.79-1.60) 18.0 (10.4-20.5) 2.3(1.7-2.8)
Grain legumes [3] 34.7 (34.0-48.7) 1.7 (1.6-2.5) 0.16 (0.07-0.94) 18.8 (18.8-29.3) 16 (15-22)
Green manures [7] 39.8 (26.4-44.6) 2.8(2.5-3.7) 0.36 (0.20-0.53) 12.3 (8.6-15.0) 7.6 (6-22)
Woody legumes [14] 43.8 (42.1-45.0) 3.2(3.0-3.4) 0.16 (0.16-0.20) 13.6 (12.2-15.3) 20 (18-24)
Non-legumes [11] 40.7 (39.8-42.1) 3.2 (3.0-34) 0.20 (0.20-0.25) 12.3(11.9-17.5) 15 (14-16)
Cereal straw [10] 41.4 (40.1-55.9) 0.8 (0.7-1.2) 0.10 (0.10-0.19) 51.4 (47.5-62.6) 9 (8-23)

tFigures in parentheses represent bootstrapped 95% confidence limits of the medians.

*Figures in brackets represent the total number of studies reporting measurements for each animal species or plant category.

Discussion

From the foregoing sections it is evident that targeting of in situ and ex situ
approaches needs different sets of farmer decisions. Although farmers often
have access to a few options, they may have difficulties in targeting the
options available in a more resource-efficient way. Therefore, decision
support tools and systems are needed to facilitate knowledge-based choices
by farmers operating in differing agro-ecological and socioeconomic con-
ditions. In the following passages, we will briefly review the systems that can
be used to facilitate choice of organic inputs, digital advisory tools, and
spatial targeting tools for hyper-localization of advice.

Over the years, decision support systems (DSS) have been tested and
developed to facilitate the choice of organic inputs for use on smallholder
farms. Palm et al. (2001)” developed a DSS with four classes of organic
resources based on their nitrogen (N), lignin, and soluble polyphenol
contents. After evaluation of the original criteria used in earlier DSS, Van-
lauwe et al. (2005)”" concluded that three classes, mainly distinguished by
the N and polyphenol contents of the inputs are adequate. Organic residues
such as leaves and straw of nitrogen fixing legumes mostly fall in Class A or
B, while cereal straw falls in class C”'. Accordingly, the DSS recommends
class A inputs (ie, N>2.5% and polyphenol <4%) to be incorporated
directly into the soil, but class B inputs to be applied in combination with
either synthetic N fertilizer, class A inputs or compost to alleviate the low N
and slow nutrient release constraints. The DSS recommends Class C
resources to be applied as mulch due to their low N content. Field studies
and meta-analysis**”>” have validated the adequacy of this system for
practical application. However, the system is not widely used, and therefore
we strongly recommend its use in decision-making on the application of
organic resources.

Unlike crop residues, livestock manure is highly variable in its N, lignin
and polyphenol contents, and thus could not be easily placed in any of the
classes based on the criteria used in the DSS’*"°. In addition, no clear
relationship was found between the fertilizer equivalency and N content of
livestock manure*"”. This implies that indicators other than those used in
the DSS are needed for quantitative evaluation of livestock manure. Our
meta-analyses of data from 180 studies conducted across 21 African
countries revealed that most of the livestock manure has total N <2.5%
regardless of the species (Table 5). Our analysis of the N to P ratios also
indicate that livestock manure is N-limited compared to biomass from grain
legumes, green manure legumes or woody perennial legumes (Table 5). The
C to N and N to P ratios in manure are more important than the N and P
concentrations of the manure application rates in determining maize yield
response’. Therefore, we propose the C to N and N to P ratios as key
indicators of manure quality to guide the choice of the livestock species as

the source manure to be used in crop fields. In our analysis (Table 5), on
average straws of grain legumes have higher N to P ratios (N: P = 18) than
cereal straw (N: P =9) and livestock manure (N: P < 6). As such, our find-
ings reinforce the DSS recommendation that (1) legume straw should be
incorporated into the soil because it is a high-quality residue, but cereal straw
should be applied as a surface mulch since it is of low-quality. An additional
recommendation emerging from our analysis is that livestock manure
should be combined with synthetic N fertilizer and incorporated into the soil
because most livestock manure is N-deficient but rich in the other nutrients.

The findings from the review and meta-analysis have also highlighted
that organic inputs provide greater nutrient supply and crop productivity
enhancing benefits within specific environmental contexts than blanket
recommendations over a large area or across a region. Therefore, knowledge
of soil, environmental and socio-economic conditions are necessary to
inform which combinations of organic amendments can be recommended
for a given site. Providing hyper-localized diagnostics and advice is often
challenging due to weaknesses in local extension systems, particularly the
thin presence of human resources on the ground. Digital advisory services
have shown potential to help address this gap in communicating agricultural
information to smallholders in some African countries. For example, ICT
tools have played a significant role in driving agroforestry adoption in
Malawi™. Similarly, a mobile app-based digital decision support tool
developed for landscape-specific fertilizer applications in Ethiopia has led to
substantial increases in crop productivity’. We believe similar tools and
systems may be used to provide bundled information to farmers and
monitor changes in soil health indicators following application of in-situ
and ex-situ organic inputs/approaches. So far these tools have focussed on
delivering extension messages, without linking the information with soil
health indicators. Therefore, we recommend emphasis on the use of modern
tool s for monitoring changes in the soil health indicators discussed above
and tailoring the extension messages accordingly.

Emerging diagnostic capabilities such as soil sensors and wireless
technologies, and internet of things (IoT)-based monitoring systems”*”
are making it possible to rapidly and cheaply identify soil health constraints,
and guide farm- and plot-level decision-making. Soil health information is
also becoming available on android smartphones, such as the land potential
knowledge system”. Advances in soil sensors and wireless technologies are
also poised to replace physical sampling and offline measurement with in-
situ soil health monitoring%. For example, affordable, fine-scale estimates of
SOC can be obtained at farm level using hand-held reflectometers™. These
developments provide opportunities for hyper-localized advice on targeting
in-situ and ex-situ organic inputs and monitoring changes in soil health
indicators to achieve more efficient soil management at the level of
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Fig. 4 | Map of the study site where soil properties
and maize yield data were collected by the primary
studies. The map was generated by the authors of
this paper using QGIS version 3.36.1, a free and
open-source GIS system (http://qgis.org).

e Soil property sample site
@ Maize yield sample site
(] Africa boundary

0 500 1,000 km
[ .

individual farms. Towards that end, we recommend the design of an
information system based on the infological” approach to monitor the soil
health indicators discussed above and guide the choice of a specific type of
organic input.

In conclusion, we have provide a synthesis of information to facilitate a
shift from blanket recommendations of organic inputs to knowledge-based
advisory on soil health management inputs tailored to specific socio-
ecological conditions of African smallholders. We also highlight the need for
leveraging emerging decision support systems, soil health diagnostics, and
advisory tools to guide hyper-localization of advice on these inputs. We have
identified various options and choices available to farmers and highlight that
the quality of organic inputs plays a critical role in the build-up of soil
organic matter, availability of nutrients, and the productivity of maize. Since
combinations of ex situ and/or in situ inputs with synthetic fertilizers appear
to outperform either input, we recommend that these inputs should be
treated as complementary approaches for soil health management. The
magnitude of improvements in soil health indicators and maize yields are
dependent on-site characteristics. Taken together, these findings highlight
the broad range of decision points that farmers face to optimize organic
resources to align with their economic goals, availability, and agronomic
expertise. A process of enabling the application of targeting tools either in
the hands of extension workers or farmers themselves is vital. A process of
farmer capacity building and training for hyper-localization of advice is also
urgently needed to facilitate evidence-informed choice by smallholder
farmers. The task might be complex, but technological advances make this a
feasible, if challenging, goal.

Methods

In-depth synthesis of the evidence on the effects of livestock manure and
compost on soil health indicators and crop yields does not exist for Africa-

based research. Therefore, we undertook a meta-analysis of manure effects
on crop yields and indicators of soil health. To save space, we have provided
Supplementary Notes containing detailed information on the search terms,
inclusion and exclusion criteria and the statistical analysis applied in the
meta-analysis. The studies included in the meta-analysis represented a
gradient from dry (semi-arid tropical) to wet (humid tropical) regions,
covering the major maize production areas of SSA (Fig. 4). The meta-
analysis quantified changes in soil health indicators focusing on soil bulk
density, pH, soil organic carbon (SOC), total nitrogen (N), available phos-
phorus (P), exchangeable potassium (K), calcium (Ca) and magnesium
(Mg), and maize grain yield and agronomic use efficiencies of N and P
following application of livestock manure and compost, manure plus syn-
thetic fertilizers, and the recommended synthetic fertilizer. Figure 4 shows
the sites covered by the primary studies. We calculated the percentage
change in each soil health indicator relative to the baseline as follows:

E—-B
Percent change = 100 (T) (1)

where B is the baseline value of the indicator measured at the commence-
ment of the study, and E is the value of the same indicator measured at the
end of the study. For brevity, we used the shorthand “NP(K) fertilizer” to
represent synthetic NP fertilizer with or without K fertilizer, because K is
variable in how it is addressed in fertilizer recommendations across Africa,
which is beyond the scope of this study.

We also undertook a meta-analysis of changes in maize yield following
application of manure, biomass transfer, crop residues, and green manure.
For each input, we calculated the percentage change in maize yield relative to
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the no-input control as:

Percentage change = 100 X (RR — 1) ?2)
where RR is the response ratio calculated as the ratio of the grain yield in the

specific treatment (e.g., manure, NPK fertilizer, etc.) and the no-input control,
ie,RR = %W. For all soil health indicators and crop yields, we limited
the analyses to data collected for 1-3 seasons. We have presented the
quantities of N, P and K fertilizers applied in Table S2. We also estimated the
agronomic use efficiency of N and P from manure, manure 4+ NPK fertilizers

and synthetic fertilizers with details provided in the Supplementary Tables.

In addition, we undertook a review of published meta-analyses of the
effects of crop residues, intercropping, rotations and agroforestry on crop
yields and soil health indicators. We identified the relevant meta-analyses
and reviews using Google Scholar and ISI Web of Science. We used key-
words representing the response variables associated with crop productivity,
pH, SOC, nutrient availability. Since the description of the methods used in
the various meta-analyses and reviews is very long, we have provided
detailed information in the Supplementary Notes.

Data availability

No primary datasets were generated, but meta-analyses were conducted
using data compiled from primary studues. The full dataset will be made
available upon reasonable request. Requests for data should be addressed
to G.W.S.

Code availability
Not applicable.
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