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Abstract. Conservation agriculture is widely promoted to reduce soil degradation, restore and maintain soil health, enhance
crop productivity, and mitigate greenhouse gas emissions. This generally entails three core practices: reduced soil disturbance,
permanent organic soil cover, and crop rotation. However, the universal applicability of these practices across diverse
biophysical and socioeconomic contexts is under debate due to inconsistent agronomic performance and practical challenges
associated with implementing all three practices simultaneously. To better understand the associated biophysical dynamic, we
evaluated changes in soil-plant-water relationships and crop yields under five practices: no-till without residue (NT), reduced
tillage without residue (RT), no-till with residue (NT+RR), reduced tillage with residue (RT+RR) and conventional tillage
with residue retention (CT+RR), each compared with conventional tillage without residue retention (CT), using a global meta-
analysis of observations from 338 studies across 361 experimental sites. Overall, yield declined by 6.1% (p = 0.024) under
NT. However, yield reductions diminished with increasing tillage intensity (from NT to CT) and residue retention (p = 0.041).
Sensitivity analysis revealed that yield reductions under NT are likely driven by compaction-driven adverse changes in soil
hydraulic and mechanical properties limiting water movement (infiltration, redistribution and drainage), retention, and
availability to crops, and root growth. Specifically, NT, irrespective of residue management, reduced soil near-saturated
hydraulic conductivity — a property governing soil water replenishment, redistribution and drainage -- by 26.9% (p = 0.008),
increased soil penetration resistance by 29.4% (p < 0.001), and changed the pore size distribution resulting in smaller air-
capacities and larger wilting points. When reduced tillage and residue retention treatments were combined (RT+RR), yield
variability was more strongly associated with changes in soil organic carbon and saturated hydraulic conductivity than water
retention, and penetration resistance. Yield responses varied with local climate and soil type. NT increased yields in semi-dry
climates (aridity index: 0.3-0.65) by 16.3% (p = 0.004). In contrast, NT reduced yield in humid regions (-7.2%, p < 0.001) as
well as in dry regions (-8.3%, p = 0.038) where irrigated agriculture is likely to dominate. These yield responses by climate
context closely mirrored the observed differences in saturated hydraulic conductivity. Yield penalties were generally greatest

in clayey soils (e.g., under RT -19.3%, p = 0.047) and consistently diminished toward sandy soils, both under NT and RT.
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These findings highlight the need for context-specific implementation of conservation agriculture to achieve balanced

agronomic and environmental benefits.

1. Introduction

Conservation agriculture (CA) is promoted as one of the sustainable agricultural production pathways to reduce soil
degradation, restore and maintain soil health, enhance climate resilience, and mitigate greenhouse gas emissions (FAO, 2022).
It is centred on a suite of soil and crop management practices founded on three pillars: minimal soil disturbance (adopting no-
till or reduced tillage), permanent soil organic cover (via residue retention or organic mulching), and crop rotation (FAO, 2022;
Kassam et al., 2009; Pretty and Bharucha, 2014). The theoretical justification for CA practices is that, when adopted as a
‘package’, these practices collectively create a root environment that is physically and chemically conducive, and biologically
active, thereby supporting sustainable intensification of crop production while providing multiple agroecosystem services
(Kassam et al., 2009; Lal, 2015). In other words, the combined adoption of these practices is expected to create conducive

agronomic conditions (Hobbs et al., 2008).

Reduced soil disturbance is thought to support soil structural stability and pore connectivity, which are vital for maintaining
optimal soil-plant-water relationships, governing soil water movement, soil water storage, soil aeration, root growth, and plant
water and nutrient uptake (Rabot et al., 2018). It also favours soil and water protection by reducing soil erosion and
agrochemical fluxes (Jarvis, 2007), soil biodiversity protection by allowing uninterrupted life cycles and biological activities
of earthworms and microbes (Hartmann and Six, 2023), and climate change mitigation through enhanced carbon sequestration
(Six et al., 2002). Permanent organic soil cover contributes to soil and water protection from erosion and to agrochemical
pollution control by reducing surface runoff and supports soil biodiversity by supplying food and substrate for soil biota. It
also contributes to climate change mitigation through enhanced soil carbon storage by promoting soil organic matter (SOM)
return and indirectly supporting plant CO2 uptake (Hartmann and Six, 2023; Lal, 2015). Additional benefits of residue
retention include weed suppression, alleviation of soil compaction, and regulation of soil temperature. Crop rotation, in turn,
introduces alternating rooting patterns that improve soil-plant-water relationships; enhances soil microbial diversity which
plays a key role in disrupting pest, disease, and weed cycles; and facilitates nitrogen fixation, especially when legumes are

integrated, thereby increasing in-situ nutrient availability (Giller, 2001; Hobbs et al., 2008; Zhao et al., 2022).

In practice, however, most farmers implement CA only partially rather than as a package (Araya et al., 2024; Giller et al.,
2009; Heller et al., 2024; Wade et al., 2015). As a result, the anticipated agronomic CA benefits are often not fully achieved
and yield penalties are commonly reported, especially during the initial years following adoption (Achankeng and Cornelis,

2023; Corbeels et al., 2020; Pittelkow et al., 2015a). A global meta-analysis of 610 studies (Pittelkow et al., 2015a),
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demonstrated the limitations of no-till when adopted alone, and how these limitations are reduced when it is combined with
the other two pillars. The limited adoption of CA as a package results from complex biophysical, socioeconomic, and technical
constraints. In small-scale farming systems, particularly in sub-Saharan Africa, for example, the main constraints include
limited availability of (i.e., competing demand for) crop residues for permanent soil organic cover, and increased weed pressure
under no-till (Corbeels et al., 2020; Giller et al., 2009). In high-input agricultural systems (e.g., Europe, United States), high
requirements of herbicides and pesticides under CA, the need for machinery adapted for CA, and the associated costs are, some

of the major barriers (Heller et al., 2024; Wade et al., 2015).

While CA practices generally offer net positive environmental benefits, both when adopted individually or as a package, their
universal applicability across diverse biophysical and socioeconomic contexts remains highly debated due to inconsistent
agronomic performance. In particular, achieving the core agronomic objective of CA — namely sustainable intensification,
which is central to global food security and even critical to the livelihoods of farm households in developing countries, is
challenging under CA practices such as no-till (Ceriani et al., 2026; Corbeels et al., 2020). For this reasons there is a growing
need for identifying contexts where CA adoption is realistically effective rather than promoting it as a universal principle
(Andersson and D’Souza, 2014; Descheemacker et al., 2019; Giller et al., 2009; Pittelkow et al., 2015a; Pretty, 2018;
Rodenburg et al., 2020). Sustainable intensification is achieved primarily through improvements in water and nutrient use
efficiency. These efficiencies are influenced by interactions between climate, water, soil, and crop, and can be modified by

changes in soil management practices in complex ways (Brouder and Gomez-Macpherson, 2014).

Table 1: Summary of changes in crop yields under CA practices observed in global meta-analyses. Statistically significant effects
are indicated by an asterisk (*). Values in parentheses denote the number of observations contributing to each estimate.

Observed changes in crop yields
Meta-analytic studies Coverage Crop
NT RT NT+RR RT+RR
(Pittelkow et al., 2015a) -9.9 (287)* -6.2 (1240)* Global Overall
(Sun et al., 2024) -17.3 302)* -0.57 (781) Global Overall
(Cui et al., 2024) -18.3 (126)* -4.4 (802)* Global Maize, wheat
(Yang et al., 2022) -6.1 (65)* +0.8 (25) +9.5 (53)* Global Overall
(Zhang et al., 2022) -11.0 (137)* -5.0 (429) Global Maize

Previous global (e.g., Cui et al., 2024; Pittelkow et al., 2015b; Sun et al., 2024) and regional (Ceriani et al., 2026; Corbeels et
al., 2020; Van den Putte et al., 2010) meta-analyses have assessed agronomic performances of CA practices, all reporting
overall yield reductions under no-till when is adopted alone (Table 1), although the magnitude and direction of effects vary

across contexts. However, the biophysical mechanisms underlying these yield responses, particularly those driven possible
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alterations in soil properties, have not been identified. Previous studies have also documented alterations in key soil physical
and hydraulic properties under these practices, including bulk density, soil organic matter, infiltration capacity, and water
retention (Blanchy et al., 2023b; Cui et al., 2024; Feifel et al., 2025; Reichert et al., 2009). Nevertheless, systematic evaluations
linking these soil property changes to crop yield responses remain limited. Additionally, previous syntheses were largely
focused on no-till or broadly defined conservation tillage, often without clearly distinguishing among different levels of
conservation in terms of both tillage intensity and residue management for crop yield and soil properties. As a result, the effects
of reduced tillage have been comparatively overlooked, particularly in earlier studies when considering the number of
observations included (Table 1). Assessing the performances of different tillage intensity levels with residue management can
provide a more robust basis for identifying suitable tillage intensity that can be combined with the two other pillars in a specific

context.

In this study, we address these gaps using a global meta-analysis examining the effects of two of the CA pillars -- reduced soil
disturbance, and residue retention -- on soil-plant-water relationships. Specifically, we assess how key soil physical properties
(bulk density and organic matter content), soil water flow (saturated and near-saturated hydraulic conductivity), soil water
retention and aeration (plant-available water capacity, wilting point, and air-capacity), mechanical properties (penetration
resistance), and crop yield respond to both partial and combined adoption of reduced soil disturbance and residue retention.
To reduce complexity, we excluded the third pillar (crop rotation) from this analysis. Crop rotation is generally easy to adopt,
and typically provides net positive agronomic and environmental benefits (Xiao et al., 2025). Using conventional tillage
without residue (CT) as a reference practice, we evaluate the performances of five CA practices, namely, no-till without residue
(NT), reduced tillage without residue (RT), no-till with residue (NT+RR), reduced tillage with residue (RT+RR), and
conventional tillage with residue retention (RR). The following questions guide our analysis: i) How do soil physical and
hydraulic properties governing soil-plant-water relationships and crop yield differ under different CA practices? ii) How do
these differences vary across pedoclimatic conditions and over time? iii) Which soil properties predominantly drive yield
variability under these practices? Linking alterations in soil properties with differences in crop yield is critical for identifying
the conditions in which CA for identifying the conditions in which CA can deliver positive outcomes for sustainable

intensification and enhance adaptation to climate variability and change (Giller et al., 2011).

2. Methods
2.1. Data collection

To investigate the effects of conservation agriculture (CA) practices on soil-plant-water relationships and yield, we conducted
a systematic literature search using the Web of Science database. The literature search was designed to capture studies reporting
soil parameters that influence soil water movement, water retention and aeration, and accessibility of the water to plants, as

well as crop yield under reduced soil disturbance (no-till and reduced tillage), and residue retention. The soil parameters that
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regulate soil-plant-water relationships included in this analysis are described in Table 2. The search terms were defined from
key soil parameters, combined with terminologies related to CA practices as follows: TS = (“Bulk density” OR “infiltration”
OR “hydraulic conductivity” OR “field capacity” OR “water retention” OR “penetration resistance”) AND (“no tillage” OR
“zero tillage” OR “reduced tillage” OR “conservation tillage” OR “residue retention” OR “mulching”). Note that this is a
focused set of terms as less attention was given to variants and synonyms of the terminologies that would have otherwise
yielded an unmanageable number of records to be screened. The search was made by titles, abstracts, and keywords,
considering English-language literature (excluding review and conference papers) published over the last 30 years, from

January 1995 to October 2024. This resulted in a total of 2420 records.

We screened these records for suitability based on abstract review. During the screening stage, we employed Asreview Lab
(van de Schoot et al., 2021), an open source machine learning-aided screening tool that sorts articles by their relevance through
active learning over the course of the screening process. ASReview Lab has a reliable performance in terms of both prediction
of relevant studies and reduction in screening workload (van de Schoot et al., 2021), and has been widely applied in recent
systematic reviews and meta-analyses (e.g., Aschi et al., 2026; Lohmann et al., 2026; Wooster et al., 2026). After screening,
604 potentially relevant records were retained for full-text review. Subsequent screening and inclusion of records for data
extraction were based on the following criteria: i) the study reports on plot or field trial measurements comparing at least one
response variable (soil parameters and/or crop yield) under at least one CA practice -- no-till (NT) and/or reduced tillage (RT),
with and/or without residue retention (RR) -- with conventional tillage (CT) as a control; ii) the treatments are replicated or,
in case of on-farm field trials, duplicate measurements of the response variables were taken; iii) the number of replications of
the experimental and control groups are the same; iv) experimental and control groups were managed under comparable non-
experimental conditions such as fertilizer application, crop protection measures, rotation, and crop type, v) no duplicate studies
from the same site unless the reporting period or the measured response variables are different; vi) the location of the
experimental site is stated with known coordinates, or ¢ an be located from Google Maps. The full-text review resulted in 338

records that met the suitability criteria from which data were extracted. Data presented in graphical form were digitized using

PlotDigitizer (https://plotdigitizer.com/).
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Table 2: Soil parameters regulating soil-plant-water relationships assessed in the meta-analysis. The main relationships comprise
soil water movement, storage, plant-availability, soil aeration, and root growth. All measurements correspond to the plough layer
(top 30 cm). No distinction was made between measurement methods used across studies.

Soil parameter

Key roles in soil-plant-water relationships

Bulk density (BD)

BD is strongly negatively correlated to the total porosity and reflects the soil compaction state.
Compaction leads to poorer aeration, smaller hydraulic conductivities, smaller plant available water
capacities, larger susceptibility for preferential flow and larger penetration resistances for roots
(Widmer et al., 2025). Across the studies included, BD was predominantly measured using
undisturbed soil samples collected by the core method (Blake and Hartge, 1986), in a few cases
using disturbed samples (clod method).

Soil organic matter
(SOM)

SOM serves as a binding agent that promotes the formation of soil aggregates, and provides a
substrate for soil microbes and earthworms, which are crucial for soil burrowing, aggregate
formation and stability alleviating compaction, and nutrient cycling (Hartmann and Six, 2023). It
enhances plant water and nutrient use efficiency by improving water retention, flow and root growth
(Hatfield et al., 2001). It is also an important source of nutrient for plants (Ranaivoson et al., 2017).
Across the source studies, SOM was predominantly measured using wet oxidation (Walkley and
Black, 1934), with some cases employing dry combustion methods.

Saturated and near-
saturated hydraulic
conductivity

Saturated hydraulic conductivity (K;) facilitates infiltration through large pores while near-
saturated hydraulic conductivity (K},) enables soil water redistribution and drainage of excess water
from pores larger than about 30um (Jarvis, 2007). Across the studies considered, Ky was most
measured using constant- and falling head methods, followed by ponded ring infiltration, whereas
K, was measured mainly using disc infiltrometers (Supplementary Fig. 1a-b).

Plant available water
capacity (PAWC)

PAWC is the soil volume available to store plant-available water, held between field capacity (FC)
and wilting point (WP). Soil water retention is commonly measured using a pressure plate
apparatus, typically at pF 2.0 or pF 2.5 for FC and at pF 4.2 for WP.

Moisture content at
wilting point (6y,p)

Oy p 1s a threshold soil moisture content at and below which soil water is unavailable to plants and
plants permanently wilt (Hillel, 1998).

Air-capacity (AC)

AC primarily comprises soil macropores (typically larger than 30um) available for air circulation
when the soil is moist (at or below FC) but can become water-filled under wet soil conditions
(Hillel, 1998). It is calculated as the difference between moisture content at saturation (6s,,) and
field capacity (0¢). In the studies reviewed, it was commonly measured using the table-pressure
(sand box) method, in which saturated soil samples are subjected to tensions ranging from 0 and
pF 2.0 or 2.5 depending on soil type. In some cases, 8., also assumed to be equal to total porosity.

Penetration resistance
(PenR)

Measured using penetrometers, PenR represents the mechanical impedance of soil to root
elongation, thereby regulating plant access to water and nutrients (Colombi et al., 2018). It varies
strongly with soil moisture content. Consequently, the same soil type, particularly clayey soils, can
exhibit high PenR values when dry, and much lower values when wet. The effect of PenR on root
elongation also depends on its magnitude, with values exceeding ~2 MPa generally considered to
substantially restrict root growth (Bengough et al., 2011).
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Figure 1: Overview of data included in the meta-analysis. a) Locations of experimental sites; b) Number of sites for which data on a
response variable (soil properties and yield) are available per conservation agricultural practice; ¢) Number of sites for which data
on a response variable are available per soil or climatic class; d) Number of sites for which data on a response variable are available
per cropping system. NT = no-till with residue removed; RT = reduced tillage with residue removed; NT+RR = no-till with residue
retained; RT+RR = reduced tillage with residue retained; CT+RR = conventional tillage with residue retained. BD = bulk density;
SOM = soil organic matter; K, = near-saturated hydraulic conductivity; K; = saturated hydraulic conductivity; PAWC = available
water capacity; Oy p = moisture content at wilting point; AC = air-capacity; PenR = penetration resistance; WheatLeg = wheat-
legume rotation; MaizLeg = maize-legume rotation; MiscCereal = miscellaneous cereals; MiscCerLegs = miscellaneous cereals-
legume rotation.

2.2. The database

The resulting database contains records for 12 soil parameters and crop yield measured under paired conventional and
conservation practices from 338 studies reporting observations at 361 experimental sites across 63 countries (Figure 1a). The
recorded soil parameters include bulk density (BD) and porosity, organic matter content (SOM), steady state infiltration rate
and cumulative infiltration capacity, saturated and near-saturated hydraulic conductivity, moisture content at saturation (6,4;),
moisture content at field capacity (6z¢), moisture content wilting point (6y,p), plant-available water capacity (PAWC), air-

capacity (AC), and penetration resistance (PenR). Along with the soil parameters and yield, the database also contains key
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metadata of the recorded observations. The experimental location, soil type, types of CA practices tested, duration of the
practice, number of replications, as well as crop type and cropping system information for the soil parameters and yield
considered in this analysis are shown in Figure 1b-c. For seven studies lacking information on soil type, we retrieved soil
texture data from the Soil Grids (Poggio et al., 2021) database at the corresponding site locations. Because agroclimatic
classifications of the experimental sites were not reported in most cases, we also integrated aridity index values for all sites
from the Global Aridity Index version 3 database (Zomer et al., 2022). Five CA practices are documented in the database,
namely: no-till with residue removed (NT), reduced tillage with residue removed (RT), no-till with residue retained (NT+RR),
reduced tillage with residue retained (RT+RR), and conventional tillage with residue retained (CT+RR). Other conservation
practices such as periodic no-till and cover cropping were excluded. Between-study differences in crop management such as
fertilizer application were not explicitly considered. We also did not distinguish between irrigated and rainfed systems;
however, in the discussion we assume that crop production in humid (aridity index, Al > 0.65) and semi-dry climates is

predominantly rainfed, whereas in dry climates (Al < 0.3) it is predominantly irrigated.

Across the studies included, infiltration and hydraulic conductivity were reported in different forms (Supplementary Fig. 1a-
c). Infiltration measurements were reported as initial infiltration (8.4% of recorded observations), cumulative infiltration
(48.4%), final (steady state) infiltration (43.2%). Similarly, 73.7% of the hydraulic conductivity measurements corresponded
to saturated hydraulic conductivity (Kj), 25.1% to near-saturated hydraulic conductivity (K}, ), and only one study (Kreiselmeier
et al., 2020) reported unsaturated hydraulic conductivity. These different forms reflect distinct soil water processes. Initial
infiltration represents the soil surface response at the onset of rainfall or irrigation events and depends primarily on surface
and near-surface soil structural conditions (e.g., cracks, surface crusting, porous layers and residues), as well as antecedent soil
wetness. Hydraulic conductivity is primarily controlled by soil pore size distribution and connectivity, which govern the
capacity of the soil to transmit water (Haruna et al., 2018). Well-connected large pores are associated with large K, and play
key role in partitioning rainfall into runoff and infiltration. When rainfall intensity or irrigation rate is smaller than K, flow is
increasingly governed by K at matric tension heads of 0 to 100mm and controls soil moisture replenishment, redistribution,
and (Blanchy et al., 2023b; Kuhlmann et al., 2012). Final infiltration (I;) represents steady soil water flow and is often used as
a proxy for field K, particularly when measured under approximately one-dimensional flow conditions such as the double
ring infiltrometer (Wu et al., 1999). This relationship is reflected in our database where K, and I from simultaneous
observations under control experiments (conventional tillage) in 12 studies, are strongly correlated (Pearson’s r = 0.82). In our
analysis, we therefore combined K observations from 66 studies with Ir observations from 39 in which K, was not reported,
to represent saturated soil hydraulic conductivity. Despite limited data availability, we also analysed near-saturated soil
hydraulic conductivity separately to represent soil water replenishment, redistribution and drainage processes, based on K},

observations from 21 studies.
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2.3. Data preparation

We analysed effects of CA practices on soil parameters (BD, SOM, K, K;, PAWC, 8,5, AC, and PenR) and crop yield based

on log-transformed response ratio (/nRR). For each observation, /nRR was calculated as (Adams et al., 1997):
= XE
InRR = In (XC) (1)

where X is the reported mean value of the experimental observation under the CA practice for which the effect was evaluated,
and X, is the corresponding mean control observation value under conventional tillage with residue removed (CT). Values of
InRR were then weighted according to the number of treatment or measurement replications of the observation in each study,
such that observations derived from larger sample sizes received greater weight in the estimation of overall effects, under the
assumption that they are more robust than those derived from smaller sample sizes (Adams et al., 1997). Ideally, these weights
are calculated from within-study variances of the reported mean observations; however, as witnessed in previous meta-analyses
(Achankeng and Cornelis, 2023; Pittelkow et al., 2015a), these variances were not available for a large number of studies
included in the data extraction. Therefore, following previous works (Adams et al., 1997; Pittelkow et al., 2015a; Zhao et al.,
2022), we calculated the within-study ‘variance estimate’ used for weighting each observation based on the number of

replications as:

_ NEg+N¢
t NEN¢

2

where N and N are the number of the replications of the experimental and control treatments, respectively. When multiple
observations were drawn from the same site per response variable under each practice, variance estimates were divided by the
number of observations for that response variable (Borenstein et al., 2010; Pittelkow et al., 2015a). Prior to effect size
estimation, data quality was assessed. Publication bias was evaluated based on visual inspection of asymmetry in funnel plots
(Sterne and Egger, 2001), and no substantial indications of biases were detected. We removed outliers from the data by
excluding data points with InRR values exceeding five standard deviations from the mean (Pittelkow et al., 2015a). Outliers
were observed only in the no-till and reduced tillage data for three response variables and accounted, on average, for 1.4% of

bulk density observations, 2.3% of penetration resistance observations, and 0.8% of yield observations.

2.4. Estimation of mean effect sizes

We used a random-effects meta-analytic model implemented in the metafor package (Viechtbauer, 2010) in R to estimate the
mean effect sizes for each response variable under the different CA practices. In this model, the observed effect size y; (i.e.,

InRR) is modelled as:

yi=utu te 3)



240

245

250

255

260

265

https://doi.org/10.5194/egusphere-2026-2816
Preprint. Discussion started: 11 June 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

where u is the mean effect size, u; ~ N (0, 72) represents the in-between-study variance (heterogeneity), and e; ~ N (0, v;) is
the sampling error. The true effect size is assumed to follow a normal distribution with mean p and variance 2. The log-
transformed response ratios of our data largely satisfy this assumption for all variables considered (Supplementary Fig. 2). We
implemented the maximum-likelihood estimator “ML” in the metafor package to determine heterogeneity. The estimate of u
is obtained using weighted least squares with weights calculated as the inverse of the total variance estimates (Viechtbauer,

2010):

“)

where 2 is the ML estimate of between-study heterogeneity. In our application, we also included site location ID as a random
effect to account for the correlation structure among observations originating from the same site. The model default Wald-type
significance test which is based on the test statistic Z, and the 95% confidence intervals were used to assess whether the

estimated mean effect sizes were significantly different from zero at o = 0.05.

Effect size analyses were conducted at two levels. First, all observations under each CA practice were analyzed to quantify the
overall effects of the practices on soil parameters and crop yield. Second, the data were subset by climate classes, soil textural
classes, and practice duration, and analyses were repeated within each subset to assess context-specific and temporal effects.
Climatic conditions were classified based on aridity index (Al) as dry (Al < 0.3), semi-dry (0.3 < A1 <0.65), and humid (Al >
0.65). Soil textural classes were regrouped as sandy (includes sand, sandy loam, loamy sand, and sandy clay loam), loamy
(loam, silty loam, clay loam, silty clay loam, and silt), and clayey (sandy clay, clay and silty clay); and the duration of the CA
practice was categorized as /-3 years, 4-9 years, and >10 years. In all cases, only subsets containing at least five studies were
analysed. To assess trends in overall effects across climatic, soil textural, and temporal gradients, we conducted meta-
regression analyses using each factor as a moderator. We also performed preliminary analyses to test for potential interaction
effects among moderators; however, no significant interactions were detected, and they were therefore not considered further.
Estimated overall effect sizes and confidence intervals were back-transformed and expressed in percentages. The statistical
significances of the changes were presented based on p-values. In our reporting and discussions of the results, we have also
adopted a gradual (continuous) interpretation of evidence rather than a binary reliance on statistical significance alone
(Amrhein et al., 2019; Muff et al., 2022). We define three effect levels: neutral (non-significant changes of magnitudes <5%),

weak (non-significant changes with magnitudes >5%), and robust (statistically significant changes).

2.5. Crop yield sensitivity to soil parameters

To assess key drivers of yield variability under various CA practices, we performed a sensitivity analysis and examined the
relative importance of each soil parameter. Both sensitivity and relative importance were analysed using univariate linear
mixed-effect models (LME) of yield versus each soil parameter. We fitted an LME model with [nRR of yield as a response

variable, InRR of individual soil parameter as a predictor variable, and experimental site ID as a random effect. We used
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univariate LME because crop yield and multiple soil parameters are rarely measured concurrently at the same experimental
site. For this reason, only sites at which crop yield and a soil parameter were simultaneously measured were included in each
analysis. For the two main practices, no-till and reduced tillage, the number of sites with concurrent measurements of crop

yield and soil parameters varied on average from 68 for bulk density to 15 for water retention at wilting point.

Sensitivity was used to estimate ‘influence’ — namely, the yield response to a unit change in a given soil parameter, with the
aim of identifying critical soil properties that should be considered when making decisions regarding the adoption, and
implementation of CA practices. We quantified sensitivity using absolute values of the fixed-effect regression coefficient
(slope), S, of the LME model (Saltelli and Ratto, 2008). To ensure comparability across soil parameters, we calculated a

relative sensitivity index (SI) as:

Sl = 1Bk | (5)

|Blmax

where S, is the regression slope of the fitted univariate LME model of yield versus the k'™ soil property (k = 1,2,3, ...,7), and
Bmax 1s the largest slope observed among all soil parameters included. The actual impact of alterations in soil parameters on
yield depends on the magnitude of the alteration and sensitivity of yield to these alterations. We calculated relative ‘importance’
(RI) to estimate the actual impact of change in each soil parameter on observed yield variability. RI was quantified using
standardized regression coefficient, which combines the magnitude of the regression slope and the variability of the predictor

relative to that of the response variable, /nRR of yield (Gromping, 2006; Saltelli and Ratto, 2008):

RI = |B;| x Tk (6)

oy
where o, and g, denote the standard deviations of the predictor (/nRR of the k™ soil property) and the response variable (/nRR

of yield), respectively. Both SI and RI values range from 0 (no sensitivity or importance) to 1 (highest sensitivity or

importance).

3. Results
3.1. Changes in soil organic matter, bulk density, and penetration resistance

Reduced soil disturbance (NT and RT), and residue retention (RR), generally increased SOM content (Figure 2b). Significant
SOM increases were observed under NT (+15.5%, p = 0.006), NT+RR (+27.3%, p = 0.005), and CT+RR (+31.2%, p = 0.01).
In contrast, soil bulk density exhibited high variability among studies, and showed no significant changes (Figure 2a).
However, when mean effect sizes were meta-regressed along the gradient of increasing ‘tillage intensity and residue retention’
(i.e. NT — RT — NT+RR — RT+RR — CT+RR), hereafter referred to as TIRR, mean effect sizes tended to decrease
consistently with increasing TIRR across the gradient. Despite relatively small and weak mean effects on bulk density, both

NT and RT were associated with overall increases in penetration resistance (PenR) (Figure 2h). Irrespective of residue
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management, PenR significantly increased by 29.4% (p < 0.001) under NT and by 24.1% (p < 0.001) under RT (Table 3).
However, effects decreased with increasing TIRR (p < 0.001), consistent with the pattern observed for bulk density (Figure
2a,h). Significant increases in penetration resistance occurred when residues were removed, with mean effects of +39.6% under
NT (p <0.001) and +28.0% under RT (p < 0.001). The largest increases in penetration resistance were observed in the top 10
cm, with effects decreasing with depth across the plough layer (Supplementary Fig. 3). Effect analysis by climatic and soil
conditions (see Supplementary Fig. 3a-c) revealed that under NT, increases in penetration resistance were particularly
pronounced in dry (+37.8%, p = 0.045) and humid (43.2%, p = 0.001) climates, and in loamy (34.5%, p = 0.006) and sandy
soils (56.1%, p = 0.002). When effects were analysed by the duration of CA implementation, significant increases in
penetration resistance occurred during the first 1-9 years. Under RT, significant increases occurred in humid climates, sandy

soils, and during the first 3 years after adoption.
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Figure 2: Overall effects of conservation agricultural practices on soil properties and crop yield. Changes in soil properties under
conservation practice relative to conventional tillage were quantified using the random-effects meta-analytic model (metafor
package in R). Effects of no-till (NT) and reduced tillage (RT) without residue retention, and with residue retention (NT+RR and
RT+RR), as well as conventional tillage with residue (CT+RR) on soil physical, hydraulic and mechanical properties governing soil-
plant-water relationships, including soil water movement, water retention and accessibility to crops, soil aeration, and root growth
were estimated. Mean effects sizes (expressed in %) are shown by circles (cyan-filled circles indicate statistically significant effects),
with horizontal bars representing 95% confidence intervals. The dashed red vertical lines denote no effect relative to conventional
tillage. Numbers in square brackets indicate the number of observations (first) and studies (second) included in each analysis.
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3.2. Effects on saturated and near-saturated hydraulic conductivity

The cascading effect of the observed overall increase in soil bulk density under reduced soil disturbance, although relatively
weak, were reflected in saturated and near-saturated soil hydraulic conductivities (Figure 2¢-d). Regardless of residue retention,
near-saturated hydraulic conductivity (K} ) decreased significantly under NT (-26.9%, p = 0.01). Similar but relatively weaker
effect was also observed RT (-21%, p = 0.15) (Table 3). Under NT, reductions in K} were larger and statistically significant
manifested in dry (Aridity index, Al < 0.3) and humid (AI > 0.65) climates, whereas effects were weak negative in semi-dry
climates. Patterns of variation in K} responses across climate, soil texture, and duration to the different CA practices were
unclear because of limited data availability. In contrast, both NT and RT showed overall neutral effects on saturated hydraulic
conductivity (K) (Figure 2d). However, under NT, effects on K were weak negative dry and humid climates (Figure 3a),
whereas a robust positive effect was observed in semi-dry climates (34%, p = 0.017). The influence of soil texture on K was
not consistent across the CA practices, except in clay soils, where NT without residue retention showed a weak negative effect
(-19%, p = 0.23) (Figure 3b). Nevertheless, K generally improved with practice duration, particularly under NT (trend p =
0.003).
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Figure 3: Changes in saturated hydraulic conductivity (K) under reduced soil disturbance and residue retention. Effects of no-till
(NT) and reduced tillage (RT), with (+) and without residue retention (RR) relative to conventional tillage (CT), are shown across
climatic conditions (a), soil types (b), and durations of practice (c). Climate classes were defined by the aridity index (AI) as dry
(DRY; AI <0.3), semi-dry (sDRY; 0.3 < AI £0.65) and humid (HMD; AI > 0.65). Mean effects (expressed in %) quantified using the
random-effects meta-analytic model (metafor package in R), are shown by circles, with horizontal bars representing 95% confidence
intervals. Cyan-filled circles show statistically significant effects. Red circles indicate statistically significant trends in the effects
along gradients of climatic, soil texture or duration moderators. Dashed red vertical lines represent no effect relative to CT. Numbers
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in square brackets indicate the number of observations (first) and studies (second) included in each analysis. Only results based on
345 observations from at least 5 studies are shown.
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3.3. Effects on soil water retention and aeration capacity

Overall effects of reduced soil disturbance and residue management on plant-available water capacity and wilting point varied
across the studies, with no significant mean effects observed (Figure 2e-f). Responses also showed little variation across
climates and soil type, and no clear pattern of effects by practice duration was detected (Supplementary Fig. 5a-c). In contrast,
reduced soil disturbance was generally associated with declines in soil air capacity (AC). NT significantly reduced AC overall
(18.6%, p <0.001), although the magnitude of this reduction slightly decreasing along the gradient of increasing TIRR (Figure
2g, Table 3). The magnitude of AC reductions varied with climate and soil type. Robust declines under NT were predominantly
observed in semi-dry (-25.1%, p = 0.05) and in humid (-16.1%, p = 0.021) climates (Supplementary Fig. 6a). When analysed
by soil type, the largest reductions (-27.9%, p < 0.001) occurred in sandy soils followed by clayey soils, although the latter
effect was weak (-15.5%, p = 0.341) (Supplementary Fig. 6b).

To further illustrate how reduced soil disturbance alters soil pore redistribution and, consequently, soil water retention and
aeration capacity across textural classes, we compared absolute changes in water retention capacities at saturation (8, ), field
capacity (6p¢), and wilting point (6,,p), under no-till and reduced tillage, with those under conventional tillage, using
observations from our database (Figure 4). No-till, regardless of residue management, generally increased water retention at
both Oz¢ and y,p in sandy loam and all finer-textured soils (Figure 4a). At the same time, no-till reduced s, in sandy, sandy
loam, loamy and clayey soils, resulting in reduction in the aeration pore space. In contrast, these changes were minimal under

reduced tillage (Figure 4b).
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Figure 4: Soil moisture retention and aeration capacity under no-till and reduced tillage practices relative to conventional tillage.
Moisture constants -- volumetric moisture content at saturation (0s,,), field capacity (Bgc), and wilting point (Oyp) -- that together
define drainage water, available water, and unavailable water were compiled using observations reported across studies. Changes
in these soil moisture regimes are shown for no-till (NT) in (a) and reduced tillage (RT) in (b) relative to the control practice,
conventional tillage (CT), across six soil textural classes. Comparisons were made irrespective of residue management for both NT
and RT (solid lines), and for CT with residue removed (dashed lines). The number of observation and studies included in these
illustrations, respectively, are as follows: Og,, [127,82], O [120,78], and Oyp [88,61] for NT, and Og,, [69,47], Ogc [67,44], and Oyp
[55,40] for RT. Significant changes (p < 0.05) are indicated by purple-filled circles.

3.4. Crop yield responses

Overall, crop yield was negatively affected by NT (mean -6.1%, p = 0.024) (Figure 2h). In contrast, yield reductions decreased
at a significant trend (p = 0.041) with increasing TIRR (Figure 5a). Moreover, yield responses varied substantially with climate,
soil type, and practice duration, particularly under NT, NT+RR, and RT. Under NT, yield increased significantly in semi-dry
climates (+16.3%, p = 0.004) but declined by 7.3% (p < 0.001) in humid climates, and by 8.3% (p = 0.038) in dry climates
where irrigation is expected to dominate (Figure 5a). Soil texture had strong influences on yield responses. The highest yield
reductions were pronounced in clayey soils under NT (-19.2%, p = 0.124), and RT (-19.3%, p = 0.047) (Figure 5b), although
effect was statistically insignificant under NT. Across these practices, yield reductions generally decreased along the soil
textural gradients, from substantial yield reductions in clayey soils to weak negative response under NT (-5.3%, p = 0.077),
and weak positive response under RT and NT+RR in sandy soils. Under NT, regardless of residue management, yield penalties
decreased with duration after adoption (Figure 5c¢). During the first 1-3 years following adoption, NT significantly reduced
yield by 11.8% (p < 0.001), whereas reductions diminished after 10 years. With residue retention, NT transitioned from an

initial yield reduction (-9.2%, p = 0.075) during the first 1-3 years to a robust yield improvement (10.3%, p = 0.045) after 10
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years of implementation. In contrast, practice duration had no clear effect on yields under reduced tillage, regardless of residue

management.
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Figure 5: Yield responses to reduced soil disturbance and residue retention. Effects of no-till (NT) and reduced tillage (RT), with (+)
and without residue retention (RR) relative to conventional tillage (CT), are shown across climatic conditions (a), soil types (b), and
durations of practice (c). Climate classes were defined by the aridity index (Al) as dry (DRY; AI < 0.3), semi-dry (sDRY; 0.3 < AI <
0.65) and humid (HMD; AI> 0.65). Mean effects (expressed in %) quantified using the random-effects meta-analytic model (metafor
package in R), are shown by circles, with horizontal bars representing 95% confidence intervals. Cyan-filled circles show statistically
significant effects. Red circles indicate statistically significant trends in the effects along gradients of climatic, soil texture or duration
moderators. Dashed red vertical lines represent no effect relative to CT. Numbers in square brackets indicate the number of
observations (first) and studies (second) included in each analysis. Only results based on observations from at least 5 studies are
shown.

3.5. Crop yield sensitivity to soil parameters

Crop yield showed high sensitivity to changes in soil bulk density across all five conservation practices (blue bars, Figure 6),
with statistically significant slope particularly under NT, RT and CT+RR (See Supplementary Table 1 for mixed-effects
regression slopes and p-values). However, because the variability in effect sizes of bulk density is smaller than that of crop
yield effect sizes across sites and observations (Supplementary Fig. 7), its contribution to observed yield variability, expressed
as relative importance (RI), orange bars in Figure 6, was comparatively low. In contrast, influences and relative importance of

other soil properties varied among CA practices. Under NT, wilting point (6,,p) followed by available water capacity (PAWC),
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and saturated hydraulic conductivity (Ky) showed high SI for yield (Figure 6a). Mean response curves derived from back-
transformed linear mixed-effects model simulations (Supplementary Fig. 8) indicate that changes in 8y,p exhibit a non-linear
negative relationship with yield variation, whereas both PAWC and K, show linear positive relationships with yield variation.
Yield was least sensitive to soil organic matter (SOM), air-capacity (AC), and penetration resistance (PenR) under NT. In
terms of importance, PAWC, 6y,p, K;, and PenR ranked as the top four possible drivers of observed changes in yield among
the evaluated soil properties. Under RT, no soil parameter other than bulk density exhibited statistically significant regression
slope, although SI and RI remained relatively high for 6y, (Figure 6b). Examination of the mean response curves relating
changes in bulk density to yield across different soil types revealed non-linear negative relationships, with sensitivity

decreasing from clayey to sandy soils under both NT and RT (Supplementary Fig. 9).

When NT and RT were combined with residue retention, K, emerged as a significantly influential and the most important
driver of change in yield under these practices (Figure 6c). Interestingly, the influence and relative importance of SOM
increased with increasing TIRR, with significant influence and importance observed under RT+RR and CT+RR (Figure 6d,
e). These results indicate a shift in the influence and relative importance of soil parameters across the TIRR spectrum (Figure
6a-¢). Under NT, yield responses were primarily associated with soil parameters responsible for soil water retention (PAWC
and 6y,p), and partly with soil water movement through large pores (Kj), and to a lesser extent (but still statistically significant),
with root growth conditions (PenR). These influences are weak under RT, where effects of changes in bulk density on soil-
plant-water relationship were no longer statistically significant. Instead, when reduced soil disturbance was combined with
residue retention (i.e., under NT+RR and RT+RR), dominant influence and relative importance shifted toward K; and SOM.
The influence of AC was also significant under RT+RR. When conventional tillage was combined with residue retention
(CT+RR), yield variability was mainly associated with soil structural properties, particularly bulk density and SOM, indicating

diminished effects of no-till and reduced tillage on soil-plant-water interactions.
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Figure 6: Crop yield sensitivity and relative importance of soil properties under reduced soil disturbance and residue retention.
Sensitivity indices (SI) and relative importance (RI) were determined using univariate linear mixed-effects regression coefficients
fitted to log-transformed response ratios (InRR) of yield versus individual soil parameters (BD: bulk density, SOM: soil organic
matter, K;: saturated hydraulic conductivity, PAWC: plant-available water capacity, Oy,p: moisture content at wilting point, AC:
air capacity, and PenR: penetration resistance) under (a) no-till (NT) without residue, (b) reduced tillage without residue (RT), (c)
no-till with residue (NT+RR), (d) reduced tillage with residue (RT+RR), and (e) conventional tillage with residue (CT+RR). Hatched
bars show SI and RI derived from statistically significant (p < 0.05) univariate linear mixed-effects regression coefficients.

4. Discussion
4.1. Overall agronomic performance across conservation agricultural practices

In conventional agriculture, tillage is a vital soil management practice that provides several important benefits, including
temporary alleviation of soil compaction by loosening the plough layer thereby creating favourable conditions for root growth,
water and nutrient uptake; incorporation and oxidation of organic matter to facilitate nutrient cycling; and control of weeds,
pests, and disease (Hobbs et al., 2008). In CA where tillage is reduced or avoided, most of these benefits are expected to be
achieved through organic soil cover and crop rotation (Kassam et al., 2009). The steady increase in yield penalties with
decreasing tillage intensity and residue retention (TIRR) observed in this analysis (Figure 5a) indicates the agronomic trade-
offs associated with partial adoption of CA practices, particularly reduced soil disturbance without residue retention. Previous
global meta-analyses summarized in Table 1 show similar response patterns — significant yield reductions ranging from -18.3%
(Cui et al., 2024) to -9.9% (Pittelkow et al., 2015a) under reduced soil disturbance without residue retention, especially NT,
and diminished negative effects ranging from -6.2% (Pittelkow et al., 2015a) to neutral effects (Sun et al., 2024) when residue
retention is combined with reduced disturbance. Consistent with this range, our findings also show mean yield reductions of

6.1% (p <0.05) under NT alone, and 3.5% (p > 0.05) when NT is combined with residue retention.
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As expected, mean yield reductions were smaller under RT than under NT and diminished further when RT was combined
with residue retention (Figure 5a). Consistent with this pattern, Van den Putte et al. (2010) reported average yield reductions
of 8.5% under no-till and 2.7% under reduced tillage across Europe. In contrast, Zhang et al. (2022) reported nearly similar
mean yield reductions of about 5% under NT and RT. Although these responses vary substantially depending on contexts, our
analysis indicates that on average RT+RR results in a largely neutral yield response, whereas CT+RR is generally associated
with yield gains (Figure 7a). Similar patterns were reported by Yang et al. (2022), who observed about 6% overall yield
reduction under NT, a neutral yield response under RT, and significant yield gains of about 9.5% with residue returned,
although their analysis was based on a relatively small number of observations compared to other global meta-analyses (see
Table 3). Least-squares fit to the observed mean changes in yield and soil properties across the five CA practices evaluated

(Figure 7a), showed that lower tillage intensity, especially without residue retention, was associated with greater yield declines.

(a) (b) "]
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Figure 7: Global trends and co-variability of crop yield and soil physical, hydraulic and mechanical properties along increasing
tillage intensity and residue retention (TIRR). a) Mean changes in yield, bulk density (BD), saturated hydraulic conductivity (Kj),
penetration resistance (PenR), and water retention at wilting point (6y,p) across conservation agricultural practices: no-till (NT),
reduced tillage (RT) without and with (+) residue retention (RR), and conventional tillage with residue retention (CT+RR), relative
to CT without RR. Mean effects (shown by circles) were estimated using random-effects meta-analytic model applied to all
observations within each practice. b) Correlation matrix showing the relationships among soil properties and crop yield across the
TIRR gradient.
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4.2. Relationship between changes in soil properties and yield responses

4.2.1. Responses across practices

The overall yield responses observed along the gradient of increasing TIRR (Figure 7a) are closely associated with compaction-
driven changes in soil physical, hydraulic, and mechanical properties. Mean yield responses across the TIRR gradient mirrored
mean changes in bulk density (Pearson’s r = -0.99; Figure 7b), although bulk density responses highly varied across studies,
and the trend in changes in bulk density was not statistically significant (Figure 7a). The functional effects of compaction are
clearly reflected in changes in penetration resistance (r = -0.91), which captures possible mechanical constraints to root growth.
However, yield is relatively less sensitive to changes in penetration resistance (Figure 6). This likely reflects the fact that
effects of PenR on root growth depends on its magnitude, and vary with soil moisture content (Colombi et al., 2018; Suzuki et
al., 2013). Under moist soil conditions, roots can penetrate more easily through dense soil matrix that disconnect soil
macropores in compacted soils, compared with dry conditions. In general, PenR values of 2 MPa or higher are often considered
critically limiting for root growth (Bengough et al., 2011; Peixoto et al., 2019a; Suzuki et al., 2013). In our database, among
observations reporting PenR together with crop yields, ~23% of soils under conventional tillage (control) practice and ~32%

of soils under RT and NT treatments exceeded this threshold.

While effects of soil compaction on yield, certainly, vary with factors such as soil type, climatic conditions, duration of
practice, and machinery loads, this remains one of the major barriers for CA adoption (Heller et al., 2024). In countries where
NT has been widely adopted, such as Brazil and Argentina, compaction challenges are increasingly reported under continuous
no-till systems (Peixoto et al., 2019b; Peralta et al., 2021). For example, a meta-analysis of data from the Pampas region of
Argentina (Peralta et al., 2021) demonstrated that the introduction of non-inversion tillage (reduced tillage) as a compaction
alleviation measure led to rapid recovery of soil structural conditions, including reductions in bulk density and penetration
resistance, and enhanced infiltration, resulting in yield increases of 6% for maize and 26% for soybean. Consistent with these
findings, the largely neutral yield response observed under RT+RR (Figure 7a) coincided with near-neutral changes in soil

conditions under this practice.
4.2.2. Effects of soil hydraulic properties

Changes in saturated hydraulic conductivity were positively correlated with yield responses (Figure 7a) (r = 0.79), highlighting
the critical role of macropore-mediated flow in regulating key soil hydrological processes such as infiltration. The influence
of near-saturated hydraulic conductivity on yield variability was not explicitly analysed because of insufficient data and
therefore warrants further investigation. Nevertheless, the influence of K, is expected be substantial given its importance for
soil water redistribution and drainage (Blanchy et al., 2023a; Bonetti et al., 2021), processes that directly affect crop yield.

Consequently, the observed substantial reductions in K; under NT, which is also inline with findings Blanchy et al. (2023a),
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may limit effective replenishment of soil moisture, redistribution of water within the soil profile and subsequent plant water
uptake, as well as drainage of excess water below the root zone (Wankmiiller et al., 2024). Consistent with our finding, a global
meta-analysis by Mondal and Chakraborty (2022) reported an overall reduction (70%, p < 0.05) in soil hydraulic conductivity
in tropical soils under NT, where precipitation events are most intense and a large hydraulic conductivity is essential to enable
infiltration, replenish the soil water storage, and prevent surface runoff with erosion. Moreover, high hydraulic conductivity is
most critical to facilitate internal soil drainage, thereby reducing the risk waterlogging in clayey soils — one of the main yield-
reducing conditions in such regions (Wakjira et al., 2026). These mechanisms are reflected in our dataset, where overall
declines in soil hydraulic conductivity in clayey soils and humid climates under NT (Figure 3a, b) coincided with substantial

yield penalties (Figure 5a, b).

The sensitivity of yield to changes in available water capacity and wilting point under NT (Figure 6a) reflects the critical role
of tillage to maintain soil pore distribution for optimal soil water storage, availability to roots and soil aeration, especially
when adoption of CA as a full package is not possible. Under NT, concurrent increases in water retention at both field capacity
and wilting point across soil types (Figure 4) alter the balance between plant-available and plant-unavailable water. In
particular, increases in wilting point expand the fraction of plant-unavailable water, thereby reducing effective water
availability. In our datasets, changes in wilting point were negatively correlated with changes in yield (r = -0.38) (Figure 7b).,
indicating that increases in plant-unavailable water capacity can exacerbate water stress and lead to earlier onset of wilting as
the soil dries (Wankmiiller et al., 2024). Changes in air-capacity -- a key soil hydraulic parameter, particularly in wet climate
and poorly drained soils -- were positively correlated with changes in yield (r = 0.39), implying that the reductions in aeration
pores observed, particularly under no-till (Figure 2a), may contribute to yield penalties, particularly in humid and irrigated

areas with clayey soils.

4.3. Effects of CA practices by climatic, soil type and practice duration

4.3.1. Effects of climate

Robust climate-specific effects of CA practices on crop yields emerge when NT is adopted alone. Our analysis, based on 49
observations from 29 studies, showed that NT without residue retention has robust positive effects (+16.3%) on yields in semi-
dry climates (Figure 8a). By contrast, the only existing global meta-analysis to our knowledge that explicitly assessed NT
alone in dry climates, based on 91 observations from 17 studies (Pittelkow et al., 2015a), reported a robust negative effects (-
11.9%) of NT alone on rainfed crop yields in dry climates (Al < 0.65 as classified in the study). However, when effects are
analysed irrespective of residue retention for semi-dry conditions, NT has a neutral effect on overall yields in our dataset
(Supplementary Table 2), consistent with previous findings for overall crops (Cui et al., 2024; Pittelkow et al., 2015b; Sun et
al., 2024). The observed yield gains under NT without residue in semi-dry climates is likely attributable to a combination of
robust positive effects on hydraulic conductivity and improved moisture availability resulting from weak but favourable
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changes in infiltration and available water capacity, together with weak negative effects of limiting factors such as increases
in wilting point and penetration resistance (Figure 8a). Li et al. (2020), based on analysis of a comparable number of
observations, similarly reported increases in available water capacity, but contrastingly larger increases in penetration

resistance and hydraulic conductivity under NT in regions with annual rainfall <600mm.

In contrast, NT without residue retention was associated with robust negative effects on yield in humid and dry climates (Figure
8a). These patterns are consistent with the synthesis of Pittelkow et al. (2015a, b), who reported yield reductions of 5.7% for
irrigated crops in dry regions (Al < 0.65), 7.6% for rainfed crops in humid areas, and 9.2% for irrigated crops in humid areas.
These yield penalties coincided with adverse changes in key soil properties, particularly hydraulic conductivity, which governs
soil drainage, air-capacity which ensures soil aeration and reduced waterlogging risks under excess moisture, and penetration
resistance which constrains root growth. The compaction-driven deterioration of soil conditions under NT in humid regions
likely results from the use of heavy machinery on soils that are too wet to resist compaction. Farmers in humid regions often
have greater access to mechanization and must complete field operations within relatively narrow windows of suitable soil
moisture conditions for trafficability. In addition, soils in many humid regions are dominated by non-expansive kaolinite clay
minerals (Ito and Wagai, 2017), for which natural recovery from compaction is slow (Keller et al., 2025). As a result, increased

risks of waterlogging, poor seed emergence, and related constraints can ultimately reduce crop yield.

Pittelkow et al. (2015a) further concluded, based on 213 observations from 34 studies, that NT with residue retention and crop
rotation performs comparably to conventional practice (-3.0%, p > 0.05) in dry climates under non-limiting water conditions.
Our dataset (213 observations; 79 studies) analysed for NT with residue retention, regardless of crop rotation in similar climates
(Al < 0.65), showed a similar outcome (-3.96%, p > 0.05). When restricting the analysis to extremely dry regions (Al < 0.3)
across all practices evaluated, we found that such climates are the least suitable for adoption of both NT and RT, irrespective
of residue retention or removal (Figure 8a). This is possibly due to soil structural degradation due to rapid wetting-drying
cycles between irrigation events in dry climates, particularly when irrigation frequency is low (Yang et al., 2025). In addition,
soil slaking problems may be more pronounced in irrigated soils under dry climates due to relatively low soil organic carbon
(SOC). For example, Jones et al. (2021) reported that extreme slaking occurred in soils with organic carbon contents below
1.1% in southwest Australia. In our dataset, approximately 29% of SOC observations (under no-till) in dry climates fall below
this threshold, compared with 22% in semi-dry climates and 17% in humid climates. Furthermore, soil salinity is relatively
high in drylands (Wang et al., 2025), and irrigated soils in these regions may therefore be prone to salinity-induced deterioration
of soil structure. However, whether no-till systems aggravate or alleviate problems such as slaking and salinity-related
structural degradation in these environments remains unclear and warrants further investigation. In semi-dry climates, effects

on yield are neutral under both NT and RT when combined with residue retention.
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Figure 8: Changes in soil properties and crop yield under conservation tillage and residue retention in different climate, soil texture,

580 and over practice duration. a) Effects of no-till (NT) and reduced tillage (RT), with and without residue retention (RR), on soil
properties governing soil-plant-water relationships: bulk density (BD), soil organic matter (SOM), saturated hydraulic conductivity
(Ks), available water capacity (PAWC), water retention at wilting point (8y,p), air-capacity (AC), penetration resistance (PenR),
and crop yield in dry (aridity index, Al < 0.3), semi-dry (sDRY; 0.3 < AI <0.65) and humid (HMD; AI > 0.65) climates. Effects were
classified as robust when statistically significant (p < 0.05), weak when not significant but with an absolute effect size > 5%, and

585 neutral otherwise. Effects were interpreted in relative to their implication for yield, i.e., the effect is considered positive if it favours
crop yield and vice versa. To account for this, the sign of the effects on PenR was reversed, since higher PenR generally reduces
yield. b) Same analysis as in (a), but data were grouped by soil texture: sandy (sand, sandy loam, loamy sand, and sandy clay loam),
loamy (loam, silty loam, clay loam, silty clay loam, and silt), and clayey (sandy clay, clay and silty clay). ¢) Same analysis as in (a)
and (b), focusing on the duration of the conservation practices: 1-3 years, 4-9 years, and >10 years.
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4.3.2. Effects of soil texture

The productivity limits of NT, irrespective of residue retention (weak negative), are also evident across soil types, with weak
negative yield responses except in sandy soils under NT+RR (Figure 8b). Under NT without residue, the effects are consistent
with weak but adverse changes in soil hydraulic properties, particularly hydraulic conductivity and wilting point, two of the
major drivers of yield variability (Figure 6a), as well as penetration resistance. In sandy soils, all CA practices evaluated,
except NT without residue retention, resulted in neutral or weakly positive yield responses, making sandy soil the most
favourable soil category for CA adoption. This probably reflects compaction-induced beneficial redistribution of soil pores
(Figure 8b), including increases in available water capacity, which is inherently low in sandy soils (see Figure 4), and
reductions in air-filled macropores, which are instead inherently high, thereby improving water retention and contributing
positively to yield. In loamy soils, yields were largely neutral across CA practices, except under NT with and without residue
retention. In clayey soils, yields could be maintained or improved only under RT+RR and CT+RR. These patterns are
consistent with previous meta-analyses reporting yield gains in sandy soils and yield penalties in clayey soils. For example,
Achankeng and Cornelis, (2023) reported yield penalties under NT and RT, irrespective of residue management, for maize and
spring cereals in Europe. Similarly, Shakoor et al. (2021) and Zhang et al. (2022) reported global yield penalties under NT
regardless of residue management. Despite limited data to fully resolve the mechanisms driving yield responses under NT and
RT combined with residue retention, the predominantly neutral to positive yield effects observed here are consistent with

concurrent positive changes in soil organic matter (Figure 8b).

4.3.3. Practice duration effects

There is established evidence that, although CA practices can offer agronomic benefits in some cases also shortly after
adoption, they are often associated with yield penalties in the initial years, with yields typically maintained, or in some cases
even increased, over the longer term (Corbeels et al., 2020; Giller et al., 2009; Pittelkow et al., 2015a). Our analysis confirms
this: during the first three years following adoption, robust negative effects under NT, and weak negative effects under NT+RR
and RT were observed (Figure 8c). These short-term yield penalties are consistent with predominantly adverse (and
occasionally neutral) changes in soil hydraulic properties and increased mechanical resistance. In the mid-term (4-9 years)
and long term (=10 years), yields were generally maintained rather than enhanced, except for NT+RR after 10 years, where
robust positive yield responses were observed. This longer-term benefit coincided with weak but favourable changes in soil
organic matter and hydraulic properties, together with weak decreases in penetration resistance. Notably, our analysis also

indicates that yields are maintained during the first three years under RT+RR (Figure 8c).
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4.4. Limitations of this study

We acknowledge that crop rotation -- the third pillar of CA -- was not included in this study. Alternating rooting systems
introduced under crop rotation, depending on the crop species being rotated, can improve soil hydraulic and mechanical
properties (Dimattia et al., 2025), thereby enhancing beneficial soil-plant-water relationships, in addition to its other benefits
for soil biodiversity, nutrient cycling, and greenhouse gas emission reductions (Yang et al., 2024). Future work should assess
the contexts in which crop rotation can meaningfully contribute to maintaining or enhancing soil-plant-water relationships

under reduced soil disturbance, considering key factors such as soil type, climate, and crop combinations.

Regional differences in the extent of compaction-induced changes in soil properties, relative to the predominant causes of
compaction, were not explicitly considered in this analysis. The severity of compaction problems, and the cascading effects
on soil hydraulic properties and crop yields, can vary among regions depending on the predominant drivers, including use of
heavy machinery, low soil organic matter content, compaction by livestock during grazing, and rapid wetting-drying cycles
(Hamza and Anderson, 2005). In regions where heavy agricultural machinery is widely employed, compaction risks are
particularly severe (Keller et al., 2025). Effects on yields can, however, vary regionally too, driven in part by differences in
nutrient inputs: yield penalties may be reduced to some extent in high-input systems, whereas negative effects can be more
pronounced in low-input systems where nutrient input including residue retention is limited (Corbeels et al., 2020; Pittelkow

etal., 2015b).

To reduce complexity, our analysis averages responses across crop types. However, cereals account for 84% of the dataset,
with maize and wheat alone representing 50% (Figure 1c). Crop-specific responses are nevertheless important, as changes in
soil properties and yield can vary among crop types. For example, Pittelkow et al. (2015b), reported the largest yield penalties
under NT for root crops, followed by cereals and legumes, whereas oilseed yields were largely maintained. As with other meta-
analyses, our results are subject to uncertainties from multiple sources, including limited sample sizes for some practice
contexts. To ensure sufficient observations for each analysis, moderators such as climate, soil type, and practice duration were

categorised, which may mask variability within categories.

5. Conclusions

Transition from conventional to conservation agricultural practices is accompanied by some degree of modifications to soil
properties that regulate soil-plant-water relationships and ultimately affect crop yield. Our analysis reinforces existing evidence
that yield benefits and trade-offs depend on whether the conservation agricultural practices are adopted as a package or only
partially. Globally, yield penalties are generally greatest when no-till is adopted alone and decrease with increasing tillage
intensity and residue retention. The drivers of yield penalty under no-till are primarily compaction-induced changes in soil

properties, specifically: (i) reduced near-saturated soil hydraulic conductivity, which constrains key processes such as soil
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moisture redistribution and availability to plant roots, as well as drainage of excess water from of the root zone; (ii) increased
dense soil matrix, which disconnects macropores — the pathways through which roots preferentially grow through — thereby
limiting root elongation and access to water and nutrients; and (iii) increased fine soil pore fraction that raises plant-unavailable
soil water fractions (i.e., higher moisture content at wilting point), potentially increasing the risk of water stress for crops.
When reduced soil disturbance and residue retention are combined (as in reduced tillage with residue retention under which
the overall yield penalty was minimal), increases in soil organic matter and saturated hydraulic conductivity are, instead, the

dominant drivers of yield variability (rather than water retention parameters).

However, benefits and trade-offs are context dependent, underscoring the importance of tailored adoption of CA practices. We
conclude that no-till can increase yields in semi-dry climate, although benefits can be limited during the first three years
following adoption. In contrast, no-till alone is unsuitable in dry and humid climates, where compaction-induced constraints
related to poor soil drainage, limited soil aeration, and restricted root growth lead to yield penalties. In dry climates where
irrigation is dominant, it appears necessary to till to alleviate compaction arising from rapid wetting-drying cycles, which
otherwise would exacerbate yield penalties. Yield responses are further modulated by soil texture: owing to their lower
susceptibility to structural degradation under compaction, sandy soils generally maintain or improve yields under all CA
practices evaluated, except under NT without residue retention. Conversely, in clay-dominated soils, which are highly prone

to structural degradation, at least minimum tillage combined with residue retention is required to maintain yields.
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