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Despite its large agricultural potential1, sub-Saharan Africa 
is at high food security risk. The combination of a growing 
population and continued economic growth is projected 

to triple the demand for food by 2050, while expenditures on food 
imports are already high2. To meet this rising demand, food sys-
tems should increase production while improving resource-use 
efficiency and environmental performance to ensure their sus-
tainability. Sustainable intensification of crop production—that is, 
increasing production from existing cropland in ways that have 
lower environmental impacts and do not undermine our capacity 
to continue producing food in the future3— is seen as key to food 
systems achieving these goals4.

Conservation agriculture (CA) is widely proposed as one of the 
promising pathways to the sustainable intensification of food pro-
duction5,6. The practice of CA is based on three crop management 
principles: direct seeding of crops with minimal soil disturbance 
(no/reduced tillage, RT); retention of crop residues as mulch on the 
soil surface (M); and adoption of crop rotations and/or intercrop-
ping (IR). Originally, CA was advocated for its potential to con-
serve soil and water and to enhance soil fertility by reducing soil 
erosion, soil organic matter loss and soil structural breakdown5,7. 
More recently, however, CA has been reframed as a technology for 
increasing crop yields that is able to ensure the food security of 
smallholder farmers—especially in the African context8.

Today, many local and international agricultural develop-
ment agencies, donors and governments, including the Food and 
Agriculture Organization of the United Nations (FAO), strongly 
advocate CA as a strategy to overcome the low crop productivity 
and poor profitability of smallholder farms in sub-Saharan Africa. 
Conservation agriculture is also the object of government policies 
in several countries of Eastern and Southern Africa. Such strong 
support for CA has incited a critical debate among researchers over 
the claims that CA increases crop yields on smallholder farms in 
sub-Saharan Africa9–13.

The existing literature is scattered and not always consistent.  
A recent effort to fill this knowledge gap—a global meta-analysis14 
with 70% of primary data points from North America and Europe—
has offered limited insight into the African context. In recent years, 
a growing number of studies comparing the crop yields in CA and 
conventional tillage-based (CT) experimental treatments have been 
carried out in sub-Saharan Africa. These studies have been con-
ducted under a range of conditions (climate, soil, management, 
cropping systems). The fact that CA is not a single-component tech-
nology but rather based on three principles means that the effects 
on crop yield are often complex. Moreover, the operationalization of 
CA principles can vary substantially across agro-environments15,16, 
meaning that the specific management components of a CA system 
(seeding method, fertilization, weed control, soil cover and type 
of crops in rotation or intercropping) can be very different across 
broad locations and types of farms. A better understanding of which 
CA principles and related management practices contribute to the 
desired effects on crop productivity is important, particularly given 
the constraints that smallholder farmers often face in adopting all 
principles of CA as a package17,18.

Here we present the results of a comprehensive meta-analysis of 
crop yields under CA in sub-Saharan Africa. More specifically, our 
meta-analysis aimed to elucidate crop yield responses to CA and 
the agro-environmental and management conditions that favour 
positive crop responses. The latter, in particular, can contribute to a 
more effective targeting of investments in CA research and develop-
ment in Africa, and thereby to increase crop production and food 
availability as part of a broader strategy to achieve sustainable food 
security.

The dataset used in the meta-analysis contains 933 observa-
tions from 79 studies that were conducted in 16 different countries 
in sub-Saharan Africa (Fig. 1, see Methods for the final data selec-
tion). Most reported research on CA in sub-Saharan Africa relates 
to cereal-based cropping systems. Cereals are the dominant staple 
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food crops in the maize mixed and agro-pastoral millet/sorghum 
farming systems, and to some extent in the cereal–root crop mixed 
and the highland temperate crop–livestock mixed farming sys-
tems19. Current and past development and promotional efforts with 
CA practices primarily involve these broad types of farming sys-
tems. To analyse the yield data, we developed a linear mixed-effects 
regression model of the CA-to-CT yield ratio as a framework for 
the meta-analysis, accounting for the yield variation both within 
and between studies. Next, we extended the model to investigate 
the effect of specific site and study descriptors (explanatory covari-
ates) on the CA-to-CT yield ratio (see Methods). Our model with 
explanatory covariates fitted to the dataset (n = 933) explained a rel-
atively high proportion of the variability in CA-to-CT yield ratios as 
indicated by the relatively high value of the conditional coefficient 
of determination (r2 = 0.88; Extended Data Fig. 1).

Results
Yield responses to CA. Crop yields obtained under CA practices 
that comprised at least the principle of no- or reduced tillage were 
3.7% (confidence interval (CI): [2.9, 4.5]) higher than those under 
CT (Fig. 2). In contrast, a previously published global meta-analysis14 
concluded that no-tillage reduced yields by 5.1% for a range of crop 
species, and by 7.6% for maize. It should be noted that the global 
analysis compared CA and CT treatments that had the same crop 
residue additions and crop rotations to isolate the no-tillage effect, 
whereas our meta-analysis considered the cropping system level 
and focused on the yield effect of CA relative to CT in which crop 
residues were generally removed from the tilled field and continu-
ous monocropping of cereals was typically practiced. This allowed 
us to use treatments that are appropriate representations of crop-
ping system realities on African smallholder farms. On such farms, 
crop residues are commonly exported from the fields for cattle 
feed20, whereas continuous cereal cropping is predominantly prac-
ticed without rotation for food security reasons21. The former global 
meta-analysis14 also mostly included data from field experiments on 
high-input cropping systems that were conducted in the context of 
mechanized farms (for example, more than 50% of the studies came 
from North America).

Yields were significantly higher under CA than under CT for 
maize (4.0%, CI: [2.8, 5.2], P < 0.0001) (Fig. 2), but no significant 
(P > 0.05) differences were found for the other crops (cotton, cow-
pea, rice, sorghum and soybean). Yield ratios differed significantly 
(P < 0.05) between soybean and some other crop species (Fig. 2), 
suggesting that the yield response to CA depends on the crop spe-
cies. A large uncertainty range was found for cotton, resulting from 
the small sample size. There was substantial influence of individual 
observations on the weighted CA-to-CT yield ratio for this crop. 
Given the number of observations (n = 720), our results are most 
robust for maize.

Differential effects of CA principles. Maize yields under no- or 
reduced tillage alone (that is, without mulching and crop rotation/
intercropping: RT − M − IR), were not significantly (P > 0.05) differ-
ent from yields under CT. However, with mulching (RT + M − IR), 
CA had a significantly positive effect on maize yields (3.9%, CI: 
[2.5, 5.3], P < 0.0001). When all three CA principles are imple-
mented (RT + M + IR), the CA effect more than doubled (8.4%, CI: 
[6.1,10.8], P < 0.0001) (Fig. 3).

These results indicate that the positive effect of CA on yields is 
caused by crop residue mulching and the use of crop rotations or 
intercropping. Mulching provides groundcover and adds organic 
matter to the soil with beneficial effects on several soil processes, 
including rainfall infiltration22, soil aggregation23, soil biological 
activity24 and soil nutrient cycling25. Improved soil functioning can 
increase crop productivity, especially in low-input cropping systems 
with limited external nutrient supplies, such as those of smallholder 

farmers in sub-Saharan Africa. Mulching also diminishes weed 
emergence and growth, although substantial amounts of crop res-
idues are required for these effects to occur26. Mulching can also 
reduce surface soil temperatures27, which can be favourable for early 
crop growth in the heat-stressed environments of the (sub)tropics. 
Yield benefits resulting from crop rotations and intercropping may 
to a great extent result from the disruption of pest and disease habi-
tats and life cycles28 and, in the case of legumes, from adding nitro-
gen to the cropping system. Improved soil structure has also been 
observed with crop rotations or intercropping and is associated with 
differences in root development between the two (or more) dissimi-
lar types of crops grown29.

Impact of CA over time. The results of our analysis support the 
claim that the crop yield performance of CA systems improves over 
time6,9,10, although the relative yield increase observed in our study 
is small (1.05 ± 0.26% yr−1) and the variability in the data is large  
(Fig. 4). Yield increases over time have often been attributed to 
gradually improved soil quality under CA versus CT30,31. However, 
a recent analysis of data published in studies from sub-Saharan 
Africa32 did not find a substantial overall increase of soil organic 
carbon under CA over time. The study revealed a scarcity of 
good-quality data of soil organic carbon contents from field studies 
in sub-Saharan Africa. More observations from long-term studies 
are clearly needed to establish whether a relationship exists between 
increased crop yields, improved soil quality and the duration of the 
practice of CA.

Management and agro-environmental effects. The use of her-
bicides in the CA treatments was a significant covariate (F = 6.22, 
P < 0.005, Extended Data Fig. 1) explaining the crop yield response 
to CA compared with CT. With the use of herbicides, CA yields 
were 4.7% (CI: [3.5, 5.6], P < 0.0001) higher than CT yields; with-
out herbicides, no significant (P > 0.05) yield difference was found 
(Fig. 5). The better performance of CA when using herbicides is 
expected, as chemical weeding is generally more effective than 
mechanical (hand)weeding33 in controlling the increased weed 
pressure in the absence of tillage34. For example, with mechanical 
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Fig. 1 | Location of the experiments considered in this meta-analysis. All 
experiments are from the studies containing yield comparisons between 
CA and CT systems. Created by GPSVisualizer.com; https://www.
gpsvisualizer.com/.
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weeding it is difficult to control the weeds that are emerging close 
to the crop plants, whereas pre-emergent herbicides are particularly 
effective at eliminating weed competition during the critical initial 
stages of crop growth.

Although it has been argued that fertilizer applications improve 
the performance of CA by avoiding crop nutrient stresses that 
result from nutrient immobilization with crop residue mulch-
ing25,35, our results did not show evidence of increasing CA-to-CT 
yield ratios with higher nitrogen or phosphorus fertilizer applica-
tions (Fig. 6, and Extended Data Fig. 1). On the contrary, we found 
that CA outperformed CT at the lowest phosphorus fertilization 
rates of 0–20 kg P ha−1 (P < 0.0001) and 20–40 kg P ha−1 (P < 0.05); 
these effects were significantly (P < 0.05) higher than the effect at 
40–60 kg P ha−1, which showed a negative mean CA-to-CT yield ratio 
(Fig. 6). The results suggest the complexity of the effects of nutrient 
inputs on crop growth in CA versus CT systems. Soil type, climate 
conditions, the use of varying quantities and types of mulch and the 
presence of legumes in the CA cropping systems certainly interfere 
with fertilizer effects on the relative crop yield response to CA, but 
this could not be quantified from our database. It should, however, 
be recognized that the appropriate use of fertilizer is essential for 
smallholder farmers in sub-Saharan Africa to obtain high yields and 
increased supplies of crop residues for the practice of CA36.

The relative yield performance of CA was affected by climate as 
indicated by the significant covariate effect of average seasonal rain-
fall (F = 3.86, P < 0.05, Extended Data Fig. 1). This finding corrobo-
rates results of other studies37,38. We found decreasing CA-to-CT 
yield ratios with increasing rainfall (Fig. 7). CA yields were 12.5% 
(CI: [4.2, 21.4], P < 0.005), 4.5% (CI: [2.9, 6.1], P < 0.0001) and 
3.9% (CI: [2.3, 5.6], P < 0.0001) higher than CT yields at sites 
with respectively <400 mm, 400–800 mm and 800–1,200 mm of 
seasonal rainfall. In contrast, at sites with >1,200 mm of seasonal 
rainfall, yields were significantly lower under CA than CT (−4.3%,  
CI: [−7.6, −0.8], P < 0.05).

These results indicate that the largest yield benefits from CA 
occur in the lowest range of the suitable rainfall regimes for maize 
growth, which are often characterized by dry spells. The positive 
effect of CA on yield in these conditions can mainly be attributed 

to soil moisture conservation as a result of crop residue mulch-
ing, which leads to improved rainfall-use efficiency of crops39. It is 
known that crop residue mulching decreases soil water evaporation 
losses26,40 and can increase soil water infiltration22,26. On the other 
hand, the negative yield effects of CA under high rainfall are often 
attributed to prolonged waterlogging conditions under mulching41. 
As a result of the water conservation effects, CA has increasingly 
been endorsed as a ‘climate-smart agriculture’ practice that can con-
tribute to adaptation to climate change9,42. However, it is precisely 
in the dry climates of sub-Saharan Africa that crop biomass pro-
duction is low and livestock numbers are high, leading to intense 
competition for crop residues between use as soil cover and feed 
for cattle20. This means that, in these regions, mulching with crop 
residues often poses a serious challenge to farmers; feeding of crop 
residues to livestock is often preferred over soil mulching, as live-
stock is essential for the provision of meat and milk, of traction and 
manure, as well as being a means of accumulating capital and man-
aging risks in farming43.

Our meta-analysis also revealed a significant interaction of aver-
age seasonal rainfall and soil texture (F = 3.38, P < 0.01, Extended 
Data Fig. 1) explaining the crop yield responses to CA compared 
with CT. Under seasonal rainfall below 800 mm, CA outperformed 
CT on all soil types (P < 0.05), with no significant (P > 0.05) differ-
ences between soil types (Extended Data Fig. 2). However, under 
the 800–1,200 mm rainfall regime, CA outperformed CT only 
on the coarse-textured soils (4.7%, CI: [2.8, 6.7], P < 0.0001) that 
are known to be prone to erratic crop water stress. The negative 
CA-to-CT yield ratio on medium-textured soils was significantly 
(P < 0.05) lower than on the two other soil types. Under high rainfall 
(>1,200 mm), there was a significantly (P < 0.01) negative CA effect 
on the medium- and fine-textured soils, probably due to the higher 
risk of waterlogging on these soil types41, whereas the CA effect 
was zero on the sandy soils. More data (including actual, rather 
than average seasonal rainfall data) are needed to uncover further 
evidence of climate–soil interactions, including specific measure-
ments in field experiments to reveal the mechanisms behind these 
interactions.

Smallholder farmers in sub-Saharan Africa use different oper-
ational forms of no- or reduced tillage, largely depending on the 
resources available to them. No-tillage systems range from simply 
planting in a hole made with a pointed stick, to the use of the more 
sophisticated jab planter or animal-drawn direct seeder (Extended 
Data Fig. 3a–c). In minimum-tillage systems, a furrow is created 
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Fig. 2 | effect of CA relative to Ct on grain yield for different crop species. 
Values are mean effect sizes and error bars show the 95% CI. The number 
of observations and studies for each category are shown in parentheses. 
The mean effect sizes were considered significant if the 95% CI does not 
include 0. The CA effect on yields is significantly (P < 0.05) higher for 
cowpea, maize and sorghum than for soybean, as determined via paired 
Student’s t-tests.
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Fig. 3 | effect of CA relative to Ct on maize grain yield under different 
combinations of CA principles. Values are mean effect sizes and error 
bars show the 95% CI. The number of observations and studies for each 
category are shown in parentheses. The mean effect sizes were considered 
significant if the 95% CI does not include 0. The CA effect on maize yield is 
significantly different (P < 0.0005) between RT − M − IR, RT + M − IR and 
RT + M + IR, as determined via paired Student’s t-tests.
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using a hand hoe or an animal-drawn ripper (Extended Data Fig. 
3d). The hand hoe-made planting basins are intended for small-
holders in semi-arid regions with no or limited access to draught 
animals (Extended Data Fig. 3e). Our results show that the type 
of reduced tillage in the CA treatment had a significant effect on 
the CA-to-CT yield ratio (F = 7.06, P < 0.005). CA outperformed 
CT (4.6%, CI: [3.4, 5.8], P < 0.0001) only in the case of no-tillage 
systems, and its relative yield performance was significantly higher 
than with minimum-tillage systems (P < 0.005) or planting basins/
permanent beds (P < 0.05) (Extended Data Fig. 4). Planting basins 
are essentially a soil and water conservation technology, the posi-
tive impact of which on yield largely depend on the seasonal rainfall 
pattern44. It should also be noted that where no-tillage is applied 
with an animal-drawn direct seeder, seeds and fertilizer are more 
uniformly distributed at the desired application rates, which could 
confound the yield effect of no-tillage per se.

We found a significant effect of study type on the relative yield 
performance of CA (F = 4.49, P < 0.05, Extended Data Fig. 1); rela-
tive CA yields in studies conducted on farmers’ fields (on-farm 
trials) were higher than those conducted on experimental stations 
(Extended Data Fig. 5). This is a surprising result that we cannot 
immediately explain. The analysis of the funnel plot with on-farm 
versus on-station studies (Extended Data Fig. 6) revealed that 
on-farm studies have a slight tendency towards positive effects of 
CA relative to CT (skewness TS is 0.18, P = 0.07), whereas on-station 
studies had a slight tendency towards negative effects (TS = −0.26, 
P = 0.05). With respect to on-farm trials, it has been argued that the 
different interests of researchers, extension agents and farmers tend 
to converge around ‘positive’ trial results—that is, researcher-defined 
CA treatments outperforming the control CT treatments that are 
constructed as the conventional farmer practices45. This may some-
how involve the introduction of some selective bias in on-farm tri-
als, although not necessarily deliberately.

discussion
Our results have important implications for the promotion of CA 
as a pathway for the sustainable intensification of crop production  

and increased food production in sub-Saharan Africa. First, the 
crop yield benefits that can be expected from CA are relatively 
small. Beyond the aspect of crop productivity, a widely recognized 
advantage of no- or reduced tillage is the elimination of time- and 
energy-consuming ploughing5. However, studies46,47 have shown 
that increases in profitability through cost reductions that could be 
realized with CA are usually small in the case of smallholder farm-
ers, in contrast with observations for large, mechanized farms. On 
the other hand, it should be noted that our meta-analysis could not 
investigate possible crop yield benefits from CA associated with 
more timely sowing opportunities leading to better early crop estab-
lishment48. In the studies included in our meta-analysis, the CA and 
CT experimental treatments had the same sowing date. This is one 
of the simplifications of cropping systems in field experiments and 
in our meta-analysis. We hereby acknowledge that the real-world 
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Fig. 5 | effect of CA relative to Ct on crop grain yield as a function of 
herbicide use in the CA treatment. Values are mean effect sizes and error 
bars show the 95% CI. The number of observations and studies for each 
category are shown in parentheses. The mean effect sizes were considered 
significant if the 95% CI does not include 0. The CA effect on yield is 
significantly (P < 0.005) higher with herbicides than without herbicides.
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cropping systems are not as simple as the experimental settings. 
Therefore, the implications of the results of our meta-analysis should 
be cautiously interpreted, and higher level processes and contextual 
interactions beyond the field level should be considered49.

Second, partial adoption of no- or reduced tillage only is not an 
option to enhance crop productivity. To be successful, CA needs to 
be fully implemented (that is, alongside mulching and crop rota-
tion or intercropping). The latter two principles are, however, not 
easy to adopt for many smallholder farmers in sub-Saharan Africa, 
who manage mixed crop–livestock systems11,17. Crop residues have 
several other uses on the farm, especially as feed for livestock20. 
Legumes are often disregarded as rotation crops or intercrops, as 
functional markets for their sale are often unavailable. Besides, 
although the inclusion of legumes in a rotation contributes to higher 
yields for the subsequent crop, it may have negative effects on the 
total production of the cropping system as legume yields are usually 
smaller than cereal yields. This is another factor that may discourage 
smallholders from adopting the whole CA package. Thus, as farm-
ers’ decisions on resource allocation are not reflected in small-plot 
field experiments, caution is needed when upscaling the findings 
from the experiments to the farm (and higher) level49. Moreover, 
crop yield increases of a few percentage points are often meaning-
less on smallholder farms in terms of farm-level indicators such as 
food security and income50.

Third, the use of herbicides is a prerequisite for positive yield 
effects of CA. However, herbicides may be beyond the grasp of many 
smallholder farmers in sub-Saharan Africa, who generally lack the 
resources for purchasing them. Moreover, herbicide use has nega-
tive impacts on the environment and human health51, thus com-
promising the sustainability of CA systems. It is generally known 
that the repeated use of specific herbicides such as glyphosate may 
lead to the rapid evolution of herbicide-resistant weeds52,53 and have 
residual effects in soils, water or food54.

Finally, our analysis showed the highest relative yield benefits 
from CA in conditions of low rainfall. In general, immediate posi-
tive CA yield effects are observed when water stress occurs during 
crop growth, because of the positive effect of mulching on the soil 
water balance26,39. This indicates that the highest immediate return 
on investment in CA research and development is to be expected in 
regions experiencing recurrent and prolonged dry spells.

Overall, we conclude that the practice of CA is not a technology 
that allows smallholder farmers to overcome low crop productiv-
ity and food insecurity in the short term. There are, however, other 
important criteria by which the performance of cropping systems or 
their contribution to a broader sustainability agenda can be evalu-
ated—including yield stability and environmental benefits such as 
reduced soil erosion, improved soil quality and biodiversity protec-
tion. CA has been proven to avert soil degradation and improve soil 
quality5,7. The crop yield increases over time under CA relative to 
CT that we found in our study may be related to these processes. To 
further investigate this, appropriate investments in long-term exper-
iments across agro-ecological zones in Africa are urgently needed.

Methods
Literature search. A comprehensive search was conducted for peer-reviewed 
publications on the effect of CA on crop yields compared to CT in sub-Saharan 
Africa using the online databases ISI Web of Science (Thomson Reuters) and 
Scopus (Elsevier). The following search terms were used (an asterisk being a 
replacement for any ending of the respective term): ‘conservation agriculture’, 
‘zero till*’, ‘no till*’, ‘reduced till*’, ‘minimum till*’, ‘direct seeding’, or ‘direct drill*’ 
in combination with ‘yield’ and ‘Africa’ or a country from the list of all countries 
of sub-Saharan Africa (excluding South Africa and Lesotho) in the publication 
title, abstract or keywords. The database searches were augmented with searches 
of library resources for relevant papers from citations in retrieved papers. The last 
search was done in December 2019.

Eligibility criteria. Studies from the retrieved publications were screened and 
had to meet the following defined basic selection criteria to be included in the 
meta-analysis. First, studies report crop yields from field experiments in which a 
CT treatment is compared with a (partial) CA treatment using statistical methods. 
Second, the effect of no- or reduced tillage must be tested with the CA treatment. 
Third, the experiments must be conducted under rain-fed field conditions in 
a specified location in sub-Saharan Africa. Fourth, the mean, sample size and 
standard deviation of crop yields must be directly reported as numerical or 
graphical data or can be calculated from the reported data. Standard deviations 
were calculated from standard errors, coefficients of variation, 95% CI or least 
significant differences in cases where they were not reported in the papers. For 
some observations, the least significant difference was estimated as the smallest 
difference between the mean values of treatments that were still significant. 
Data from the same study that were reported in more than one publication were 
not repeated to avoid double counting; instead, the data from the most recent 
publication were used. Observations were excluded from the analysis when only 
average crop yields over seasons or sites were presented. If more than one form of 
tillage was assessed in a study, we selected the CT treatment that represented the 

–20 –10 0 10 20

0–20 (507, 50)

20–40 (284, 24)

40–60 (30, 7)

>60 (104, 10)

Change in yield (%)

Ph
os

ph
or

us
 fe

rti
liz

at
io

n 
ra

te
 (K

g 
P 

ha
–1

)

Fig. 6 | effect of CA relative to Ct on crop grain yield as a function of 
applied chemical phosphorus fertilizer. Values are mean effect sizes 
and error bars show the 95% CI. The number of observations and total 
number of studies for each category are shown in parentheses. The mean 
effect sizes were considered significant if the 95% CI does not include 0. 
The CA effect on yield is significantly (P < 0.05) higher at 0–20 kg P ha−1 
than at the three other fertilizer levels, and the effect at 20–40 kg P ha−1 is 
significantly (P < 0.01) higher than at 40–60 kg P ha−1, as determined via 
paired Student’s t-tests.

–20 –10 0 10 20

<400 (24, 5)

400–800 (431, 48)

800–1,200 (375, 45)

>1,200 (103, 9)

Change in yield (%)

Av
er

ag
e 

se
as

on
al

 ra
in

fa
ll (

m
m

)

Fig. 7 | effect of CA relative to Ct on crop grain yield as a function of 
average seasonal rainfall at the experimental site. Values are mean effect 
sizes and error bars show the 95% CI. The number of observations and 
studies for each category are shown in parentheses. The mean effect sizes 
were considered significant if the 95% CI does not include 0. The CA effect 
on yield is significantly (P < 0.0005) lower at sites with seasonal rainfall of 
>1,200 mm than at the sites with the drier rainfall regimes, and the effect 
at sites with seasonal rainfall of 800–1,200 mm is significantly (P < 0.05) 
lower than at sites with seasonal rainfall of <400 mm, as determined via 
paired Student’s t-tests.
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greatest soil disturbance. Studies were rejected if crop management practices other 
than those related to the three CA principles (RT, M and IR) differed between CA 
and CT treatments, with the exception of weed management. Tillage in CT systems 
helps with the control of weeds, and its absence in CA systems often implies the 
use of herbicides and/or additional mechanical weeding. In total, 87 publications 
were selected, giving 992 CA-to-CT yield comparisons. The complete reference list 
of publications is given in Supplementary Table 1.

Database. Yield data for the different crop species (barley, bean, cotton, cowpea, 
grass pea, maize, millet, pigeon pea, rice, sorghum, soybean, teff, wheat and 
mixtures of wheat and barley) found in the selected 87 publications were extracted. 
To explain heterogeneity in study outcomes, we also compiled information on 
several study and site descriptors that may have influenced the yield response 
to CA. The a priori selected candidate explanatory variables were: type of tillage 
in the CT treatment (hoe, plough or ridging), type of reduced tillage in the CA 
treatment (no-tillage, minimum tillage or basins/permanent beds), mulch type 
(cereals, cotton, legumes, mixture of cereals and legumes, non-cereal grasses 
or forest litter), initial mulch amount (in kg of dry matter per ha), presence of 
legumes in the rotation or intercropping (yes/no), type of field trial (on-station 
or on-farm trial), altitude of study site (m), actual seasonal rainfall during the 
experiment (mm), average seasonal rainfall at the site of the experiment (mm), 
average annual temperature (°C), soil texture (categorized as coarse, medium or 
fine, following the soil texture classes as defined by the United States Department 
of Agriculture), soil carbon content of topsoil layer (g C kg−1), use of herbicides 
with CA (yes/no), number of years since the implementation of CA, and applied 
chemical nitrogen and phosphorus fertilizer (kg ha−1). Information for these 
variables was extracted from the text, tables or figures in the publications, when 
available. If not reported, average seasonal rainfall and annual temperature data 
were retrieved from the New_LocClim 1.10 database55 using the latitude and 
longitude coordinates of the study site. If latitude and longitude coordinates and/or 
altitude were not reported in the publication they were searched with Google Maps 
using the name of the site at which the study took place. Average seasonal rainfall 
was classified into four categories: <400 mm, 400–800 mm, 800–1,200 mm and 
>1,200 mm. Nitrogen fertilizer applied was categorized as follows: 0–20, 20–50, 
50–100 and >100 kg N ha−1, and phosphorus fertilizer applied as 0–20, 20–40, 
40–60 and >60 kg P ha−1. In some cases, the authors of the studies were contacted 
for additional information and/or clarification on the retrieved data. Values for the 
explanatory variables were left blank when information could not be retrieved.

Data analysis. The natural logarithm of the ratio of CA:CT grain yields was used 
as the effect size metric in the meta-analysis. The use of the natural logarithm 
linearizes the metric and provides more normal sampling distribution in small 
samples56. For ease of interpretation, results were back-transformed and presented 
as percentage change in crop yield from the CA relative to the CT treatment. 
We distinguished three levels of CA in the analysis that represent different 
combinations of CA principles: RT − M − IR, RT + M − IR and RT + M + IR.

Individual response ratios were weighted by the reciprocal of their respective 
estimated variances as a measure of study quality; that is, observations with 
low variance were considered more reliable and received a higher weight in the 
meta-analysis. As expected, the on-farm trials had a significantly (P < 0.0001) 
higher variance, thus smaller weight, than on-station trials (Extended Data Fig. 
7). We acknowledge that a validity assessment of the studies could also be used 
as weighting factor, so that possibly more valid or accurate studies have more 
influence on the size effects. For example, on-farm trials may be more valid with 
respect to real farming conditions. However, validity assessments would require 
a numerical summary of validity for each study, and there is no empirical basis 
for determining how much weight to assign to degrees of validity of for example 
on-station versus on-farm trials. Therefore, it has been recommended that 
direct weighting of effect estimates by validity assessments of risk of bias should 
be avoided57. In this context, it should also be noted that the set-up of on-farm 
trials was highly heterogeneous across the retrieved studies, ranging from fully 
researcher-managed and farmer-implemented trials to fully farmer-managed and 
farmer-implemented trials.

We assumed that, for a given observation, the variances of the CA and CT 
treatments were approximately equal. The variance of the response ratio (VlnRR) can 
then be approximated using the pooled standard deviation (SDP) as follows58:

VlnRR ¼ SD2
p*

1
nCA*�X2

CA

� �
þ 1

nCT*�X2
CT

� �
;

where n is the number of replicates and �X the mean.
The following crop species had few observations resulting in confounding 

problems of explanatory variables that are correlated (that is, the type of tillage 
in the CA treatment, rainfall class or soil texture class), and were therefore not 
included in the meta-analysis: millet (8 observations, 1 study), teff (7 observations, 
3 studies), bean (4 observations, 2 studies), pigeon pea (4 observation, 1 study), 
grass pea (3 observations, 2 studies), wheat (21 observations, 5 studies), barley  
(4 observations, 2 studies) and the mixture of barley and wheat (2 observations,  
1 study). Besides, the RT − M − IR treatment for rice (6 observations, 1 study) was 

not included for the same reasons. A total of 933 observations from 79 studies were 
included in the meta-analysis.

First, the overall mean CA-to-CT yield ratio across the 933 observations was 
calculated using the random-effects model for meta-analysis58. Next, we analysed 
the yield response ratio for the different crop species as function of CA level 
(different combinations of CA principles), using the following linear mixed-effects 
model:

Yijkl ¼ μþ αi þ βij þ Cik þ Dijk þ εijkl ;

where Yijkl is the natural logarithm of the observed ratio of CA-to-CT grain yields 
for crop species i, CA level j, trial k and observation l; µ is the mean response ratio 
across studies; αi is the fixed effect of crop species; βij is the fixed effect of j for i; Cik 
is the random effect of k for i; Dijk is the random effect of the interaction between j 
and k for i; and εijkl is the residual error.

The CA level factor was nested within crop species because of collinearity 
between both factors. The trial factor (that is, the ensemble of individual CA 
observations that have the same CT control for a given year) and its interaction 
with CA level were introduced as random effects to account for the hierarchical 
dependence between multiple observations within a study59. A first-order 
autocorrelation structure [AR(1)] was included in the model to account for 
repeated observations within one trial not being independent over years.

Finally, we extended the above model to determine the influence of certain 
specific study and site descriptors (explanatory covariates) on the yield response 
ratio, as follows:

Yijkl ¼ μþ αi þ βij þ
X

m

am ´Xm
ijkl

 
þ Cik þ Dijk þ εijkl ;

where Xm is the m explanatory covariates with their coefficients am.
To produce a robust analysis, several candidate explanatory variables were 

excluded due to high or moderate collinearity with other variables (altitude of 
the study site and average annual temperature). Other variables (the initial mulch 
amount, actual seasonal rainfall during the experiment and soil carbon content) 
were not included because there were too many missing values in the dataset. 
Variables were sequentially added to and dropped from the model based on F 
statistics (variables with F < 1 were eliminated) until the goodness of fit (the Akaike 
Information Criterion) was not reduced by adding variables. The resulting model 
included the following covariates as fixed effect terms: (1) type of reduced tillage in 
the CA treatment, (2) type of field trial, (3) average seasonal rainfall, (4) herbicide 
use in the CA treatment, (5) applied chemical phosphorus fertilizer, (6) number of 
years since the implementation of CA and (7) the average seasonal rainfall and soil 
texture class interaction.

The model parameters were estimated by the restricted maximum likelihood 
approach. Estimated mean response ratios were considered statistically different 
from zero (that is, the CA yield is significantly different from the CT yield) if 
their 95% CI did not overlap zero; the CIs were calculated by multiplying the 
standard error by the 95% point of the Student’s t-test distribution corresponding 
to the number of degrees of freedom. Paired Student’s t-tests on the logarithmic 
difference of response ratios between two subgroups of studies were performed to 
determine whether the CA-to-CT yield ratios differed significantly between the 
two groups.

Publication bias in the dataset was assessed by the use of a funnel plot60, where 
the data points plotted against the corresponding standard errors represent the 
marginal deviations of the logarithmic yield ratios from the fixed effects, added 
to the average logarithmic yield ratio for maize (as a reference). This implies that 
the heterogeneity accounted for by the covariates is subtracted, and the funnel plot 
shows random between-trial effects, random effects of the interaction between 
CA level and trial plus the sampling error effects. Funnel plot asymmetry was 
tested with TS of the marginal deviations61. This test quantifies the departure of the 
deviations’ distribution from symmetry.

Asymmetry in the funnel plot suggests publication bias. In our study, the 
funnel plot was sufficiently symmetrical (Extended Data Fig. 6); the P value of TS 
was large, from which we concluded that there was no publication bias within the 
studies considered in our meta-analysis.

All statistical analyses were performed with PROC MIXED in the statistical 
software package SAS version 9.3 (ref. 62).

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

data availability
The data used in this study are available from the Dataverse repository at https://
doi.org/10.18167/DVN1/DLTQWR.

Code availability
Scripts used in the literature search and statistical analyses are available from the 
corresponding author on request.
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Extended Data Fig. 1 | Random-effects model with explanatory covariates. Results of the random-effects model developed to determine the influence of 
explanatory covariates on the CA to CT yield ratio.
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Extended Data Fig. 2 | effect of CA relative to Ct on crop grain yield as a function of soil texture for different regimes of average seasonal rainfall at 
the experimental site. a, < 400mm; b, 400–800mm; c) 800–1200m and d) > 1200mm. Values are mean effect sizes and error bars show the 95% CI. 
The number of observations and total number of studies for each category are shown in parentheses. The mean effect sizes were considered significant 
if the 95% CI does not include 0. The CA effect on yield is significantly lower on medium-texture soils than on coarse- (P<0.005) and fine-textured 
soils (P<0.02) under the 800–1200mm rainfall regime, and the effect on coarse-textured soils is significantly higher than on medium- (P<0.05) and 
fine-textured soils (P<0.01) under the >1200mm rainfall regime, determined via paired Student’s t-tests.
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Extended Data Fig. 3 | operational forms of no- and reduced tillage employed by smallholder farmers in sub Saharan Africa. Different operational forms 
of no- and reduced tillage employed by smallholder farmers in sub Saharan Africa (source: CIRAD and CIMMYT).
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Extended Data Fig. 4 | effect of CA relative to Ct on crop grain yield as a function of type of reduced tillage in the CA treatment. Values are mean 
effect sizes and error bars show the 95% CI. The number of observations and total number of studies for each category are shown in parentheses. The 
mean effect sizes were considered significant if the 95% CI does not include 0. The CA effect on yield is significantly higher under no-tillage than under 
minimum tillage (P<0.005) and basins/permanent beds (P<0.05), determined via paired Student’s t-tests.
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Extended Data Fig. 5 | effect of CA relative to Ct on crop grain yield as a function of type of field trial. Values are mean effect sizes and error bars show 
the 95% CI. The number of observations and total number of studies for each category are shown in parentheses. The mean effect sizes were considered 
significant if the 95% CI does not include 0. The CA effect on yield is significantly (P<0.05) higher in on-farm trials than on-station trials.
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Extended Data Fig. 6 | Funnel plot on the marginal deviations from the random-effects model added to the average logarithmic yield ratio for maize 
(as reference, solid vertical line). The diagonal lines represent the 95% CI limits around the effect size logratio. Each point represents an observation 
(n=933), open blue circles from on-farm studies (n=605), open red circles from on-station studies (n=328). Skewness TS is -0.03, P=0.67 (all 
observations), 0.18, P=0.07 (on-farm observations) and −0.26, P=0.05 (on-station observations).
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Extended Data Fig. 7 | Boxplots of logarithmic weights by the inverse of variance of the individual observations in the on-farm (n = 605) versus 
on-station (n = 328) studies. The inverse variance weight is significantly (P<0.0001) smaller in on-farm studies than in on-station studies (paired 
Student’s t-test).
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exception of weed management. 
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Randomization We distinguished three levels of CA in the analysis that represent the varying degrees of application of the CA principles: no- or 
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A list of covariates was tested to explain heterogeneity in study outcomes.
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