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Abstract
Conservation farming practices are known for their capacity to mitigate runoff and erosion, but the magnitude of their effectiveness is highly variable across studies. In order to better understand the contribution of environmental and management factors to their effectiveness, up to 37 studies reporting 271 individual trials were collated for a quantitative review regarding 3 common conservation agriculture-related practices, at the plot scale and in a Western European context. Two different methods suitable for hierarchically structured datasets were used for the meta-analyses - hierarchical nonparametric bootstrapping and linear random effects models -, yielding nearly identical average outcomes but differing in terms of confidence intervals. We found that, on average, winter cover crops reduce cumulative seasonal (autumn-winter) runoff by 68% and soil losses by 72% compared to a bare soil. The occurrence and intensity of stubble tillage on the control plot is a key explanatory variable for the mitigation effect of winter cover crops. In potato crops, tied-ridging reduces cumulative seasonal (spring-summer) runoff by a mean of 70% and soil erosion by 92%. Conservation (non-inversion) tillage techniques alleviate cumulative seasonal overland flow by 27% and associated sediments losses by 66%, but strong evidence of publication bias was detected for this farming practice, probably leading to an overestimation of its effectiveness. These mitigation effects are shown to be much greater for spring crops than for winter crops, and to increase with time since ploughing was stopped. The type of conservation tillage scheme strongly affects the ability to attenuate surface flows. Intensive non-inversion tillage systems relying on repeated use of (powered) tillage operations appear to be the least effective for reducing both water and sediment losses. The best performing scheme against runoff would be a deep (non-inversion) tillage (-61%), while against erosion it would be a no-till system (-82%). Although several explanatory factors were identified, there remains a high (unexplained) variability between trials effect sizes, thus not attributable to pure sampling variability. Meanwhile, this review provides farm advisors or policy makers with guidance on the contexts in which implementation of such conservation practices should be supported so as to maximize expected benefits.

1. Introduction
Throughout much of western Europe, erosive runoff from agricultural land constitutes a threat to flora and fauna through contamination of water bodies by pesticides, nutrients, and sediments (Bach et al., 2001; Stoate et al., 2001). Human communities are also impacted physically, economically and psychologically by muddy floods arising from stormy rains and the resulting damage caused to infrastructure (Evrard et al., 2007; Boardman et al., 2003). In the longer-term, in some situations, cropping systems are no longer sustainable as soil loss rates exceed soil formation rates (Verheijen et al., 2009; Panagos et al., 2015b). More generally, soil health in intensive agricultural systems is at risk, particularly due to the depletion of soil organic matter (SOM) content to which soil erosion also contributes (Heikkinen et al., 2013; Sakrabani & Hollis, 2018). This decline in SOM further increases the sensitivity of soils to runoff and erosion (Berdeni et al., 2021; Jensen et al., 2019). In the context of climate change, the loss of water by runoff, together with a decrease in soil available water content due to the declining SOM, may also translate into more frequent plant drought stresses (Shiu et al., 2012; Fu et al., 2021; Dlapa et al., 2020; Falloon & Bets, 2010).
In view of these issues, conservation agriculture systems have been conceived based on 3 cultivation management pillars: tillage reduction, maximization of vegetation cover, and diversification of cultivated species (Morgan, 2005; Landers et al., 2021). The synergies between these three principles promote soil life and restore topsoil organic matter content, ultimately improving soil resistance against surface flows (Blanco-Canqui & Lal, 2010; Palm et al., 2014; Du et al., 2022). However, the extent to which conservation farming practices mitigate runoff and erosion remains quantitatively uncertain, especially with regard to runoff (Blanchy et al., 2023; Rickson, 2014; Maetens et al., 2012). The processes involved - rain interception by vegetation and crop residues, soil aggregate stabilization by roots, soil microbiota and binding agents released during biomass decomposition, changes in surface roughness, porosity and structure by tillage and soil life, etc. - are indeed complex, dynamic, and condition-dependent (Morgan, 2005; Monnier, 1965; Tisdall & Oades, 1982; Takken et al., 2001; Le Bayon & Binet, 2001). This results in a wide and often unexplained variability in outcomes between studies measuring the mitigation effect of soil conservation practices on overland flow of water, sediments and associated pollutants at the plot scale (Rickson, 2014; Elias et al., 2018; Leys et al., 2007). As a result, the impact of conservation tillage on runoff is still being debated (Blanchy et al., 2023; Xiong et al., 2018; Maetens et al., 2012; Mhazo et al., 2016). The factors behind this variability also remain unclear. 
While local factors related to the ways and the contexts in which conservation farming practices are being implemented are likely to be strong determinants of their effectiveness in controlling runoff and soil losses (e.g., crop type, choice of tillage implements, climatic conditions; Ranaivoson et al., 2017; Ryken et al., 2018), most reviews on this subject have been conducted at a global scale or for regions outside Europe (Chen et al., 2020 for China; Wolka et al., 2018 for Africa; Rajbanshi et al., 2023 or Mhazo et al., 2016 at global scale). On the one hand, the validity of the outcomes of global studies for different regions of the world is questionable. On the other hand, the large amount of publications to be analysed in global reviews often does not allow for an in-depth search of publications and associated data (grey literature, contact with authors to retrieve missing data, etc.). At the European scale, only Maetens et al. (2012) have, to our knowledge, conducted a quantitative review on the effect of soil and water conservation techniques on runoff and soil losses. However, these authors used a very broad definition of conservation practices which may ultimately bias their results, e.g., perennial grass cover in vineyard was considered as winter cover crop, or treatments involving autumn ploughing were in some cases considered as reduced tillage. Moreover, their study area also encompassed the Mediterranean, which is characterized by very different climatic and agronomic conditions from the rest of Europe. Recently, Blanchy et al. (2023) qualitatively reviewed existing meta-analyses on the impact of land management practices on soil properties, including runoff. However, effect quantification is missing, the meta-analyses they reviewed suffer from the same limitations mentioned above in terms of geographical area of interest, some management practices were not considered (e.g. reservoir tillage techniques), and the effect of management techniques on soil losses was not targeted per se.
In this paper, we provide a quantitative review based on a systematic search and a meta-analysis on the effectiveness of three common conservation farming practices in mitigating runoff and soil erosion in the western European (or assimilated) context. These cultivation practices are winter cover crops, tied-ridging (= furrow diking = (micro)basin tillage) in potato crops, and conservation tillage techniques (defined as non-inversion tillage, from no tillage at all to reduced tillage). Besides data availability (sufficient number of trials), the choice of these three practices is based on their fairly widespread adoption by western European farmers, for legal (e.g. Water Framework Directive, cross compliance of the Common Agricultural Policy) and/or ideological reasons (Wauters et al., 2010). While additional techniques may also qualify as conservation agriculture (e.g., mulching, strip cropping, or crop associations), insufficient data is available for a reliable quantitative analysis of their effectiveness at the western European scale (Rickson, 2014). 
2. Materials and methods
2.1 Systematic search
Table 1 outlines the main characteristics of the systematic search for each of the three conservation farming practices, including their definition and the associated conventional control practice, the research equations (keywords), the potential moderators (possible explanatory variables) that were surveyed, as well as the characteristics of the resulting meta-databases (data availability). Scopus was the main database explored, the first one hundred results of google scholar having also been investigated to browse through grey literature. We only selected studies which actually measured runoff and soil losses (by funnel and tanks or tipping bucket systems) at the plot scale, under natural rainfall, at a seasonal time scale, with control and conservation treatments on the same field, located in western Europe. Nonetheless, whenever a study located outside the target countries (see keywords in Table 1) was deemed relevant (i.e., similar climatic and pedologic conditions, similar cropping systems), it was also selected.  Accordingly, studies from Austria, Czech Republic, Poland, Croatia, and southern Canada were included in the meta-databases (Figure 1). Table 2 in the Supporting information exhaustively references all studies included in the meta-databases.
Corresponding authors were systematically contacted by e-mail to retrieve as many missing data as possible. When data (means, standard deviations, moderators) were not directly available in digital format in the primary studies, they were extracted from plots using "GetData Graph Digitizer" software v.2.26.0.20. When possible, missing standard deviations were calculated from confidence intervals, or estimated from standard error or from t or p values (Higgins et al., 2022).
Table 1 : Characteristics of the systematic searches and the resulting meta-databases for each conservation farming practice and for runoff or erosion outcome: keywords of the research equations, potential moderator variables (in bold, the moderators that were actually tested in the meta-regression, section 2.2.5), number of investigated sources, number of studies selected as relevant based on inclusion/exclusion criteria, total number of trials* reported by selected studies, proportion of trials from grey literature studies, proportion of trials with reported (and existing, i.e. n>1) sampling variances, structure of the linear random effects model considered for meta-analysis (section 2.2.5), suspicion of publication bias for the meta-dataset, weighting of the individual effect sizes in the computation of the overall mean effect size.
*One individual trial corresponds to one pair (control vs. conservation practice) of cumulative seasonal runoff (or erosion) measurements (thus one single effect size measure, see eq. 1), i.e. for one cropping season, on one trial site, with specific application modalities (e.g. specific tillage scheme) for the conservation practice and its corresponding control treatment.

	 
	Winter cover crops
	Tied-ridging potato furrows
	Conservation tillage

	Conservation practice definition
	Post harvest (summer/autumn) sowing of a non-productive crop (typically mustard and/or grasses) intended to protect the soil during winter period, and destroyed before sowing of the next (spring) crop.
	At planting time, formation of small dams in potato furrows to increase water surface retention.
	Non-inversion tillage (no mouldboard plough) in order to retain crop residues at soil surface and to keep soil life and structure not or little disturbed. Possibly other primary tillage (subsoiling, loosening) and/or seedbed preparation (harrow, tines, discs, etc).

	Corresponding control treatment
	Soil left bare during winter, possibly with stubble tillage.
	Classically hilled plot (no dams, smooth furrows).
	Yearly mouldboard ploughing and “conventional” seedbed preparation (harrow and/or tines and/or discs).

	General keywords
	TITLE-ABS-KEY (erosion OR "soil loss*" OR "sediment yield" OR runoff OR "overland flow" OR "surface water") AND TITLE-ABS-KEY (plot OR field OR parcel) AND ALL (Belgium OR France OR Netherlands OR Holland OR Germany OR UK OR England OR Ireland OR Luxembourg OR Europe)

	Practice-specific keywords
	TITLE-ABS-KEY (winter OR cover OR catch AND crop OR intercrop*)
	TITLE-ABS-KEY (potato* AND (microdam* OR micro-dam* OR (furrow* AND (dik* OR ridg* OR dam*)) OR (tied AND ridg*) OR ((basin OR microbasin) AND (tillage OR listing)) OR barbutte OR cottard OR dycker OR grimme OR "Dema-construct" OR "Netagco-Rumpstad" OR "AgriMaas" ))
	TITLE-ABS-KEY ((conservation OR no OR reduced OR zero OR low OR minimum AND till*) OR (direct AND (seed* OR drill* OR sow* )))

	General moderators
	Climate  : total seasonal rainfall and erosivity
Crop : current and preceding crop type (spring or winter)
Soil : texture, organic matter or carbon content
Topography : slope steepness and length
History : time since practice application
	Climate  : total seasonal rainfall and erosivity
Crop : preceding crop type (spring or winter)
Soil : texture, organic matter or carbon content
Topography : slope steepness and length
History : time since practice application
	Climate  : total seasonal rainfall and erosivity
Crop : current and preceding crop type (spring or winter)
Soil : texture (silty(-clay) loam or sandy loam), organic matter or carbon content
Topography : slope steepness and length
History : time since practice application

	Practice-specific moderators
	· Cover crop family (grasses, cruciferous, legumes)
· Sowing, killing, and burying dates and modes (frost, mechanical, chemical)
· (squared) % max. vegetation cover and biomass
· Stubble tillage on control plots (none, shallow, or deep stubble tillage)
	· Tool used (Barbutte, Dyker, etc)
· Max. daily rainfall in May-June
	· Max. tillage depth for conservation tillage (direct drilling <5cm, intermediate 5-15cm, or deep tillage depth >15cm)
· Intensity of the most intensive conservation tillage operation (none, passive or powered tool)
· # of seasonal tillage passes in conservation tillage system (including sowing)
· Winter cover crop included in conservation tillage rotation
· % residues cover at sowing on conservation tillage plots

	# of investigated sources
	578
	22
	1210

	# of relevant studies selected, for runoff / erosion outcome
	7 / 5
	7 / 7
	21 / 17

	# of trials, for runoff / erosion
	36 / 29
	25 / 17
	178 / 165

	% of trials from grey literature, for runoff / erosion
	36% / 21%
	56% / 71%
	9% / 6%

	% of trials  with existing or reported experimental variances, for runoff / erosion
	61% / 76%
	36% / 6%
	34% / 27%

	Structure of the random effect(s) model
	Trials > plots*
	Trials
	Studies > trials

	Publication bias suspicion
	No
	No
	Yes

	Weighting of trials effect sizes
	No
	No
	Yes (eq. 3)


* The symbol “>“ separates successive hierarchical levels of the random effects model. In this case, “trials>plots” refers to a multi-level model with a “plots” random effect nested in a “trials” random effect (see section 2.2.5).
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Figure 1 : Location of experimental sites of all primary studies selected for the present review in Europe (left) and Canada (right). A different symbol is used for each of the three conservation practices, while symbol size varies according to the number of trials at each location (see caption of Table 1 for trial definition). Background map corresponds to the Köppen-Geiger climate classes.
2.2 Data analysis
2.2.1 Effect size
The effect size measure chosen to quantify, at the trial scale (see 2.2.2 for meta-database structure), the effectiveness of the conservation practices in mitigating runoff (or soil losses) compared to the control was the natural logarithm of the response ratio (RR) (Hedges et al., 1999):
	(eq. 1)
	 (eq. 2)
where  and  are the mean (across replicates) cumulative seasonal runoff for trial j of study i, on conservation practice plots (subscript CP) and control plots (subscript C), respectively,  and  are the corresponding experimental (sampling) variances for the mean cumulative runoff values, and  and  are the sample sizes (number of plot replicates) for trial j of study i for each treatment, respectively. The same formulas apply to the erosion outcome.
Unlike standardized differences, experimental variances are not required to calculate the (log) response ratio, and interpretation of the response ratio in terms of mitigation efficiency is more straightforward. The use of logarithms allows normalizing the distribution of response ratios (Koricheva et al., 2013). The mitigation efficiency of the conservation practice is calculated as 1-RR.
2.2.2 Meta-databases structure
Each meta-database features a hierarchical, 3-level structure consisting of several studies, each study generally reporting several trials (one trial corresponds to one effect size measure), each trial being associated with an experimental (sampling) variability (eq. 2) because of plot replicates within the trial (except if , see section 2.2.5). Such hierarchically-structured datasets can be analysed through linear random effect modelling (Stram, 1996) (section 2.2.5) or nonparametric hierarchical bootstrapping (Saravanan et al., 2020) (section 2.2.6). These two very different methods were used in order to compare and strengthen the estimated overall effect sizes and associated uncertainties (confidence intervals).
2.2.3 Weighting of effect sizes
Regardless of the use of one or the other method (linear model or bootstrapping), the decision to weigh or not to weigh the effect sizes of individual trials in the calculation of the mean effect size differed according to the meta-database. For winter cover crops and potato tied-ridging, an unweighted analysis was performed because there was neither evidence that variability in effect size decreased with increasing sample size (Figure 5 in the Supporting information), nor evidence of publication bias. For the conservation tillage meta-database, the suspicion of publication bias (see section 2.2.4) as well as the large proportion in the meta-database of low sample size trials () from a single study (Klik & Rosner, 2020) motivated the choice for a weighted meta-analysis.
The weight formula considered in this article was based on the sample sizes rather than sampling variances (Koricheva et al., 2013):
	(eq. 3)
where  is the weight given to the (runoff or erosion) effect size from trial j of study i. Indeed, unlike sampling variances, sample sizes (number of plot replicates) were known for all trials of the three meta-databases.

2.2.4 Publication bias
The risk of publication bias was assessed for each meta-database by visually examining the funnel plots using trial weights (eq. 3) as the measure of precision, and by testing for the significance of the slope of the regression between effect sizes and weights (Begg & Berlin, 1988) (Figure 5 in the Supporting information). For the winter cover crops and potato tied-ridging meta-databases, there was no evidence of publication bias. For the conservation tillage meta-database, there was a strong indication of publication bias (slope of the linear regression between trial weights and effect sizes significantly different from zero (p-value < 0.001)), both for the runoff and erosion outcomes.
2.2.5 Random effects models
Random effects models are a category of general linear models (GLM) in which variance(s) of the so-called “random effect(s)” are estimated to account for a random deviation around the overall mean. This deviation is caused by the clustering of individuals within groups, thus sharing common conditions susceptible to impact the variable of interest. A normal (Gaussian) distribution is assumed for this deviation. In the case of our meta-databases, the factors (clusters) susceptible to cause this random variability in effect size measures are the studies and/or the trials within studies and/or the plot replicates (block effect) within the trials. When such random effects are nested, the random-effects GLM is referred to as a multi-level model (Quené & van den Bergh, 2004). The full multi-level model is written hereafter as “studies>trials>plots”, which must be understood as a multi-level model with a “plots” random effect nested in a “trials” random effect nested in a ”studies” random effect. 
Data amount (i.e., number of studies, trials, and plot replicates) and reporting of sampling variability measures were very different for the three practices (Table 1). Consequently, the structure of the linear random effects model was specific to each practice (Table 1). For the winter cover crop meta-database, availability of sampling (experimental) variances for a sufficient number of trials allowed for a reasonable estimate of between-plots variability. However, because of the limited number of studies and of trials per study, both the “studies” and “trials (nested) within studies” random effects would be poorly estimated. It was therefore necessary to restrict the model to one of these two levels (study or trial). Since the AIC of the “trials>plots” random effects model was more than four times lower than the one of the “studies>plots” random effects model, the former model was selected. A similar reasoning was applied for the meta-database on potato tied-ridging, except that sampling variances were lacking for a large number of studies or non-existent (). Between-plots variability was therefore neglected, i.e. considered null. For the conservation tillage meta-database, since sampling variances were also often missing, the plots effect was also ignored. However, the much higher number of studies and trials allowed for a reliable estimation of both the "studies" and "trials within studies" random effects.
As previously mentioned, sampling variances for mean cumulative runoff or soil loss values were generally poorly reported (Table 1). In some cases, sampling variances were even non-existent since plots were not replicated within treatments (). For the winter cover crop meta-database, since the values of the ratio between standard deviation and mean runoff (or erosion) cover a similar range for all trials and for both the control and the conservation practice treatments, missing standard deviations were imputed based on known standard deviations as follows (Koricheva et al., 2013):
	(eq. 4)
where  is the cumulative runoff value from conservation practice plots for trial j’ of study i’, associated with unknown (thus estimated) standard deviation .  and  are defined similarly, but for trial j from study i with known standard deviations. The same formulas were applied to runoff from control plots, and to the erosion outcome on control and conservation practice plots.
Note that in some cases, within a given study, a single measurement of cumulative runoff (or erosion) from a treatment was used to calculate different measures of effect size, i.e., a single treatment measure was associated to different trials because the same control treatment served as reference for several modalities of the conservation practice treatment, or the opposite. For simplicity, and since information to estimate the correlation between these effect sizes is scarce, we nevertheless considered independence between the effect sizes, i.e., a diagonal variance-covariance matrix, or in other words, a compound symmetric structure of the variance-covariance matrix with a null correlation coefficient rho.
For the multi-level models, heterogeneity at each level was calculated as the proportion of the total variance attributable to the corresponding level (Nakagawa & Santos, 2012; Harrer et al., 2022):
	(eq. 6)
where  is the heterogeneity (the proportion of variability) related to the level .  is the estimated variance component of the level level , and  is the estimated sampling variance.
Moderators (explanatory variables) can be added as fixed effects to a random effect(s) model, resulting in a mixed effects model (Stram, 1996). Explanatory variables with too many missing values as well as variables highly correlated with other moderators (multicollinearity) were excluded from the analysis. The moderators that were ultimately tested (highlighted in bold in Table 1) were chosen by prioritizing those suspected to impact most the conservation practice efficiency, keeping in mind the rule of thumb that about ten data points (trial effect sizes) are required for one parameter estimation (Harrell et al., 1996). Missing data for moderators were mainly imputed by using the average value in other trials (with known value). Missing maximum daily rainfall in spring (tied-ridging meta-database) were estimated from closest public weather station data (CRA-W, 2022; Government of Canada, 2023). 
For each meta-database, all possible combinations of models including the main (no interaction) fixed effects for the chosen moderators were automatically tested. The ultimate meta-regression model for each conservation practice is the one with the lowest AIC (Akaike, 1974). Note that for conservation tillage, inclusion in the model of interaction effects between moderators was attempted given the larger dataset. Although the final model resulted in a slightly better fit, the inclusion of interactions was not withheld because, compared to the best main effects only-model, it was mainly the inter-study variability that was reduced whereas these interactions are supposed to explain the variability at the trial level. Moreover, the interactions did not make sense from a physical point of view. Model overfitting was therefore suspected. 
Runoff and soil loss mitigation effects predicted by the final meta-regression models are depicted as a function of each selected moderator individually (Figures 3 and 4, and section 3). For this purpose, values of the other selected moderators were fixed at their (rounded) mean value in the original meta-dataset. For winter cover crops (Fig. 3), this corresponds to a shallow stubble tillage on the control plots, a max. vegetation cover of 70% by winter cover crops, and/or 1 year of winter cover crop practice. For conservation tillage, the reference scenario consists of a spring crop, with a winter crop as preceding crop, with 2 soil tillage operations, with passive tillage as the most intensive operation, at intermediate tillage depth, on a silt loam soil, on a field under conservation tillage for 4 years.
Underlying assumptions were visually validated for all final meta-models: good model convergence (optimal log likelihood), normality, linearity and homoscedasticity of residuals. Analyses were performed in R Studio 2022.07.2, using packages ‘metafor’ (Viechtbauer, 2010) for the random effects models and ‘MuMin’ (Bartoń, 2022) for moderator selection.
2.2.6 Hierarchical nonparametric bootstrapping
Nonparametric bootstrapping (Efron, 1979; Hesterberg, 2011) is a method consisting of resampling (with replacement) of an initial sample to generate many fictitious resamples (of the same size as the original one). For a statistical indicator (typically the mean) calculated on each resample, a distribution is derived that is expected to reproduce the one of the original population, from which a confidence interval can be drawn to conduct basic statistical inference. Nonparametric bootstrapping is widely used in meta-analysis (Bouma et al., 2016; Du et al., 2022; Jia et al., 2019; Ouedraogo et al., 2020; Daryanto et al., 2017; Elias et al., 2018). This method is especially relevant when experimental variances are missing, sample sizes (number of studies) are small, and/or distributional assumptions of parametric methods might be unfulfilled (Adams et al., 1997). However, as discussed by Laird & Louis (1987), Zhou et al. (1999) or Saravanan et al. (2020), hierarchical structure (thus dependence) in observations (i.e. effect sizes) should be accounted for in the resampling process, otherwise the variability depicted in the posterior distribution is underestimated (increase of type-I error), potentially invalidating inferences. In this study, hierarchical bootstrapping was thus performed, i.e., the resampling was sequenced by successive hierarchical levels in order to mimic the dependencies between related observations (i.e. several trials from the same study). Specifically, the hierarchical bootstrapping consisted first in resampling the studies and then resampling the trials (effect sizes) within the previously resampled studies. This single hierarchical resampling operation was replicated 10 000 times, the mean (or weighted mean, see section 2.2.3) effect size being calculated on each bootstrap sample. As originally intended by Efron (1979), the median and 95th percentile confidence interval were computed from the hierarchically bootstrapped posterior distribution of the means (Adams et al., 1997). Hierarchical nonparametric bootstrapping was performed in R Studio 2022.07.2, based on the ‘resample’ function written by Shotwell (2012).
3. Results
First, it should again be stressed that the response ratios reported in this study measure the runoff (or erosion) mitigation effectiveness on a seasonal (i.e., cropping season) time scale. For the winter cover crops, this corresponds to the reduction in runoff or erosion during the late summer-fall-winter period, while for tied-ridging it reflects the mitigation effect in spring and summer (between sowing and harvest of potatoes). For conservation tillage, the cropping season depends on the crop type: from autumn to summer for winter crops, or from spring to autumn for spring crops. Comparing these RR’s is therefore not straightforward. 
The overall mean (random effects model) or median (bootstrapping) runoff or erosion mitigation effects ( for the 3 investigated practices are reported in Figure 2. The overall effect sizes calculated by both methods returned (nearly) the same values. Overall, each of the three conservation practices yielded a significant mitigation effect on runoff and soil erosion, as compared to their control treatment, except for conservation tillage on runoff for both random effects modelling and bootstrapping, and for cover crops on runoff and erosion as computed by bootstrapping. As frequently reported in related reviews (Du et al., 2022; Xiong et al., 2018), the mitigation effect is higher for soil losses than on runoff.
[image: ]
Figure 2 : Estimated overall (without moderators) average mitigation effect (= 1-RR) and associated 95% confidence intervals, for cover crops, tied-ridging and conservation tillage, derived from meta-analysis by both random effect(s) models and hierarchical nonparametric bootstrapping for a) runoff outcome and b) erosion outcome.
The forest plots of the meta-analyses of the 3 practices for the runoff and erosion outcomes are provided in Figure 6 in the Supporting information, listing each study’s individual contribution to the overall effect size, and reporting  heterogeneity indicators (eq. 6). Within the hierarchical structure, between-plots variability surprisingly appeared to be responsible for only a small proportion of the total variability in effect size. Inter-plot variabilities (= 1-) for the 2-level random effects (trials>plots) models on winter cover crops for runoff and erosion are indeed lower than 2.5%. Differences between trials accounted for the largest proportion of total variability. For the 2-level random effects (studies>trials) models on conservation tillage, heterogeneities across trials () reached around 70%, whereas between-study variabilities () were smaller but still meaningful (approx. 30%).
3.1 Winter cover crops
Compared to a bare soil, winter cover crops mitigate on average late summer-autumn-winter runoff by 68% and soil losses by 72% (Fig. 2). All initially tested moderators (table 1) were included in the final meta-regression model (lowest AIC). As the number of years of winter cover crop implementation increases (Fig. 3e, f) and as the maximum cover percentage achieved by the cover crop increases (Fig. 3c, d), the seasonal mitigation effect on runoff and erosion becomes stronger. As an example, the runoff mitigation effect of winter cover crops becomes statistically significant when the max. vegetation cover exceeds 55% or starting from the second year of application. Furthermore, the more intensive the stubble tillage on the corresponding bare control plots, the lower the relative effectiveness of the catch crop (Fig. 3a, b). For instance, compared to a bare ploughed control treatment (deep stubble tillage), a winter cover crop does not significantly decrease surface flows (it could even increase runoff), whereas the effectiveness of cover crops is highest when compared with an untilled control. The equations and parameters values of the final meta-models are available in the Supporting information, Table 3.
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Figure 3 : Predicted runoff and soil loss mitigation effect (1-RR, i.e. % reduction relative to the control) by winter cover crops and associated 95% CI, as a function of relevant moderators (selected in the final meta-model) considered individually. Coloured points are measured trial effect sizes from the original meta-dataset, with points in the same colour coming from the same study. Note that several out of y-scale points with extreme negative effect sizes could not be plotted for readability reasons.
3.2 Potato tied-ridging
Compared to classically hilled and furrowed potato crops, tied-ridging mitigates seasonal runoff by a mean of 70% and soil erosion by 92% (Fig. 2). Based on AIC, neither slope (range: 3.0 to 8.8 %), nor maximum daily rainfall in spring (May and June) (range: 15 to 66 mm) were retained in the final meta-model (Table 1).
3.3 Conservation tillage
Overall, conservation tillage alleviates seasonal overland flow by 27% and associated sediments losses by 66% (Fig. 2). The moderators that were retained in the meta-regression for runoff outcome are the following: the number of years of conservation tillage application, the crop type, the number of primary and secondary tillage passes, soil texture, tillage depth, and tillage tool type. For erosion outcome, the same variables were retained based on AIC except that passive tillage type was not included while preceding crop type was. For tillage depth and tillage tool type moderators, dummy coding of categorical variables (Table 1) resulted in the selection in the final meta-model of only two groups out of the three initially coded classes: intermediate depth vs. other depths (i.e. deep and shallow) for the tillage depth moderator variable, and passive tools vs. other types (i.e. none and powered) for the tillage tool type variable. The equations and parameters values of the final meta-models are available in the Supporting information, Table 4. Cultivating spring crop as main crop, with a winter crop as preceding crop, on a sandy loam soil, on plots under conservation tillage for a long time, with as few tillage passes as possible, by using passive tools (i.e. neither direct drilling, nor powered tools), and not at intermediate tillage depth, are all factors independently positively correlated with the mitigation impact of conservation tillage on surface flows of water and/or sediment (thus negatively correlated with ln RR runoff and/or erosion). Based on Figure 4 (a, b), the predicted runoff and soil loss mitigation effect becomes statistically significant starting from the 2nd to 3rd successive year of conservation tillage. The impact of conservation tillage on runoff and erosion reduction is null or not significant for a winter crop, but is above 50% for a spring crop (Figure 4c, d). Regarding the preceding crop type effect, conservation tillage decreases soil losses by 66% after a winter crop, but by 56% after a spring crop. Conservation tillage is predicted to cut runoff and erosion by respectively 51% and 63% on a silty(clay) loam soil, and by 66% and 83% on a sandy loam (Fig. 4e, f). 
To improve understanding of the relationship between combinations of tillage variables and the response ratios, empirical predictions were made using the final meta-model and considering four fictitious typical tillage conservation systems: 1) “no-till”, one single shallow direct sowing operation; 2) “strip-tillage” like system, with 2 passes including one with a passive tool at intermediate depth; 3) "deep tillage" system, with 3 passes using passive tools, at least one of which at high depth; and 4) an "intensive" system with 4 passes at intermediate depth, using powered tools (not passive). The other variables were fixed at their average (rounded) value in the initial meta-dataset, i.e. a spring crop, succeeding to a winter crop, on a silty(-clay) loam soil, on a field under conservation tillage for 4 years. Although there was no statistically significant difference between the four systems (Fig. 4g, h), on average the intensive system would be the least effective at reducing both water and sediment losses. The best performing system against runoff would be the deep tillage (-61%), while against erosion it would be the no-till system (-82%).
[image: ]
Figure 4 : Predicted runoff and soil losses mitigation effect (1-RR, i.e. % reduction vs control) by conservation tillage and associated 95% CI, as function of selected moderators. Coloured points are trials effect sizes from original meta-dataset, with points in same colour coming from the same study. Note that several points with extreme negative effect sizes could not be plotted for y-scale readability. g) and h) : see section 3.3 for definition of tillage systems. 

4. Discussion

4.1 Random effects model vs. hierarchical bootstrapping for meta-analysis
Overall, the average outcomes from the two statistical methods are consistent. However, as expected, the uncertainties calculated by the random effects models are smaller than those from the bootstrapping method when a decisive hierarchical level (in this case “studies”) is neglected in the random effects models as is the case for cover crops and tied-ridging (Figure 2). For that reason, the most reliable estimates in these cases are probably those produced by hierarchical bootstrapping. For the conservation tillage meta-analysis, “studies” and “trials” levels were accounted for in the random effects models, but confidence intervals are slightly narrower for bootstrapping than for random effects models (Figure 2). In the latter case, as also observed by Saravanan et al. (2020) or Kulkarni et al. (2022), hierarchical bootstrapping may have performed better than the random effects model in terms of retaining statistical power without sacrificing Type-I error rate.
Random effects models are commonly used in meta-analyses. Inclusion of fixed effects in such models allows testing the impact of moderators on effect size. Yet, the availability of primary data constrained the parameter (random effects) estimations (section 2.2.5), and hence the appropriate consideration of hierarchical dependencies and the accuracy of the resulting inferences. Hierarchical bootstrapping is presented here as an innovative adaptation of resampling methods whose outcomes (overall mitigation effects, Figure 2) reinforce those obtained by random effects models. This is further supported by its ability to reproduce the original hierarchical structure in the resampling process and the absence of distributional assumptions. After the methodological study of Zhou et al. (1999) introducing the “two-stage bootstrap” to analyse rates of success of a medical procedure from different studies, the present paper is the first actual attempt of using hierarchical (nonparametric) bootstrapping for meta-analysis. Indeed, to our knowledge, all published meta-analyses using nonparametric bootstrapping have been performing “simple” bootstrapping, even on hierarchically-structured datasets (i.e. random resampling without accounting for dependencies between effect sizes). Potential consequences of this practice were described in section 2.2.6 but mainly relate to poor inference. As expected, we found substantial differences between boundaries of confidence intervals calculated by simple and by hierarchical bootstrapping on the same hierarchical dataset (not shown in this paper).
4.2 Overall mitigation effects and moderators
The overall RR’s of the present study for cover crops yield slightly lower estimates (i.e. higher mitigation efficiencies) than those from Maetens et al. (2012) for Europe and the Mediterranean, with absolute differences around 13% for runoff and 6% for soil loss. A direct comparison with the latter study is, however, somewhat tricky since Maetens et al. (2012) included perennial grass vegetation in vineyard in the cover crop category. Our outcomes match even more closely with those of Blanco-Canqui (2018) on cover crops in the USA, with absolute differences in runoff and erosion reduction percentage between both reviews below 3%.
The effects of moderators selected in the ultimate meta-regression model for cover crops appear to make sense from a physical perspective. Indeed, the effect of the maximum vegetation cover can typically be explained by greater protection of soil against sealing, lower detachment by splash, higher infiltration capacity and high hydraulic roughness (Blanco-Canqui & Ruis, 2020; Kervroëdan et al., 2019). The positive effect of the number of years of cover cropping can be attributed to soil structure improvement resulting from the recurrent supply of fresh biomass to the soil (Tisdall & Oades, 1982), although in our meta-analysis this variable could only be assessed for a limited number of successive years (from 1 to 3). Long term studies on the cumulative effects of cover crops on runoff and erosion are noticeably lacking.  It should also be noted that, in practice, it is not so common to implement cover crops each year on the same plot. When spring crops alternate with winter crops, winter cover crops can only be implemented once every two years (in between the winter crop and spring crop). In such cases, the cumulative benefits of cover cropping will be reduced, possibly close to single year trials. 
The relative effectiveness of cover cropping strongly depends on the choice of control treatment. It is greatest if the control corresponds to post-harvest conditions. On the contrary, performing stubble tillage on control plots considerably increases infiltration capacity (by breaking up the sealing crust) and surface roughness (van Dijk et al., 1996). The absolute magnitude of surface flows in the control plots is thereby strongly attenuated, as is the associated mitigation effect provided by the cover crop. Although the benefits of cover cropping for runoff and erosion reduction are less obvious when compared to stubble tillage, growing cover crops still remains a valuable practice given the numerous other benefits (prevention of nitrate leaching to groundwater (“catch crop”), addition of fresh organic matter to soil, etc.; Dabney et al., 2001; Thapa et al., 2018).
Regarding tied-ridging, Sittig and Sur (2023) also recently reviewed the potential of micro-dams to mitigate runoff and soil loss on agricultural fields, mainly in maize and potato. For the latter crop, our two databases broadly share the same primary studies. Unsurprisingly, the effectiveness computed in the present review (Fig. 2) thus fall very close to their geometric mean reduction of 81% for runoff and 89% for erosion for micro-dams in potato crop. Compared to reservoir tillage techniques applied to other crops (e.g. maize, barley), mitigation efficiencies are higher in potato crops (Sittig & Sur, 2023; Clement et al., 2023; Wolka et al., 2018), with absolute differences of 1-10% for runoff and 9-30% for soil losses, respectively. Indeed, because potatoes are cropped on ridges, the water storage capacity of the micro-basins is generally higher than for other crops grown in the absence of ridges, and a larger part of runoff water converges towards micro-dammed furrows (Clement et al., 2023). 
For tied-ridging, surprisingly no significant effect of the moderator variables was found in our meta-regression, even though several authors reported a decrease in the surface storage capacity of depressions with slope (Martin, 2009) or micro-dam breakdown following intense spring storms (Vejchar et al., 2019; Olivier et al., 2014). The small size of the meta-dataset may have restricted the ability to capture such effects, while the limited reliability of rainfall data from “closest” rain gauge stations to the trial sites (approx. 6 kilometres away) may also have contributed. Nevertheless, it should also be acknowledged that, considering the ranges of slopes and rainfall covered by our meta-database (see section 3.2), these two factors could have a marginal impact on the overall effectiveness of tied-ridging in the Western European context. This is illustrated by the very low significance of these two moderators when included in the meta-model; computed p. values are 0.56 and 0.80, respectively, for the “slope” and “max. daily rainfall in spring” variables.
In light of current controversies regarding the effect of conservation tillage on runoff (Blanchy et al., 2023; Xiong et al., 2018; Maetens et al., 2012; Mhazo et al., 2016), we show that in Western Europe, conservation tillage has at least an approximately null, but very probably an actual average reduction effect on runoff, albeit low (-27%). This outcome is closely aligned with the one calculated by Maetens et al. (2012) for Europe and the Mediterranean. Regarding the erosion control effect of conservation tillage, the present study reveals a 19% greater median effectiveness than previously reported by Maetens et al. (2012). 
Moreover, Maetens et al. (2012) reported a decrease in runoff mitigation effectiveness with practice history between 1 and 14 years from 154 plot-years data. Based on a larger meta-dataset (up to 25 years, 366 plot-years), our review reveals the opposite trend: an overall decrease in surface fluxes (runoff and soil losses) as the number of years of conservation tillage increases, consistent with the findings of Mhazo et al. (2016). In the longer term (> 5-10 years), runoff and soil loss mitigation prevail, most likely driven by improvements of the soil structure under conservation tillage. The concentration of organic carbon in the topsoil enhances the soil aggregate stability, and soil biological activity increases vertical macroporosity (Zhang et al., 2007; Tebrügge & Düring, 1999). In the first years after stopping inversion tillage (ploughing), however, more soil compaction and more surface crusting could occur, reducing soil infiltration capacity. As a result, runoff may actually be enhanced in the first years after stopping inversion tillage, thereby restricting the associated effectiveness of conservation tillage in mitigating runoff as reported by a number of studies (Fig. 4a; Hartmann et al., 2017). Nevertheless, during the same period, soil erosion is already limited, thanks to the soil protection from the higher proportion of crop residues in the unploughed plots (Ranaivoson et al., 2017). 
Our research also indicate that the seasonal mitigation effect of conservation tillage is higher for a spring crop than for a winter crop, a conclusion which was also reached by Mhazo et al. (2016) for soil losses even though they observed the opposite for runoff. This is probably related to the higher absolute magnitude of surface flows (i.e., the runoff or erosion rate) under spring crops than under winter crops (Panagos et al., 2015a). Indeed, in our meta-dataset, the mean erosion rate in control plots is 1.4 t/ha for winter crops while it is 20.3 t/ha for spring crops. This leads to a more pronounced mitigation potential for spring crops under conservation tillage, as it has also been reported for other factors controlling the absolute magnitude of surface fluxes such as soil type, slope steepness or length, climate erosivity (Mhazo et al., 2016; Du et al., 2022; Leys et al., 2007; Maetens et al., 2012). In addition, because spring and winter crops often alternate in rotations (under European temperate climate, at least), the presence of non-harvested residues (stubble from cereals or residue from winter cover crops) at the soil surface in the spring when spring crops are being sown is likely to be greater than in winter crops preceded by a spring crop since the latter often leave less or less lignified residue behind. This may therefore also explain the greater mitigation efficiency of conservation tillage in spring crops. This difference in mitigation effect between spring and winter crops is particularly noteworthy given that conservation tillage is more commonly applied on winter crops than on spring crops (Lahmar, 2010). This distinction should therefore be considered when evaluating the expected benefits of conservation tillage adoption at larger spatial scales.
The meta-analysis revealed a greater mitigation effect on sandy loam than on silty(-clay) loam soils. This was unexpected because the latter are more erodible, something that is also confirmed by the measured erosion rates which are higher for the silty(-clay) loams than for the sandy loams. One hypothesis for this outcome, already put forward by Du et al. (2022), could be a greater sensitivity to compaction for finer-textured soils (compared to coarser-textured soils) under conservation tillage. In other words, the benefits of conservation tillage on soil structure are partly offset by damage from increased soil compaction, and this offset would be more pronounced on silty(-clay) loam than on sandy(-loam) soils.
The predicted efficiencies for the 4 illustrative conservation tillage systems match outputs from other reviews as well. Maetens et al. (2012) indeed showed that, on average, deep tillage is the most effective conservation tillage system to mitigate runoff, while reduced tillage is the least effective one. Against erosion, no tillage is the most effective and reduced tillage is the least effective. In the present study, splitting the reduced tillage category into lighter (strip-tillage-like) and more intensive systems appears to be key to explain part of the observed variability for such a practice covering a broad range of tillage schemes. These discrepancies in performance between tillage systems can be physically explained by the fact that on the one hand, deep tillage breaks both the surface seal and any deep plough pan (or “no-till” pan; Schlüter et al., 2018), greatly limiting runoff (Sojka et al., 1993). No-till on the other hand, by strongly concentrating soil organic matter near the soil surface and leaving the soil little or undisturbed (maintaining soil particle cohesion and adequate soil cover), has the greatest benefit on soil structure and thus sediment losses (Zhang et al., 2007; Tebrügge & Düring, 1999). The intensive system, by thoroughly mixing the topsoil and thereby burying residues and diluting the SOM content, by strongly fragmenting the soil aggregates, and/or by damaging macroporosity, probably acts similarly to a conventional ploughing system in terms of impact on soil structure and erodibility (Carter, 1991). Nevertheless, in Europe, reduced tillage causes lower crop yield loss and is much more widespread than no tillage (Van den Putte; Lahmar et al., 2006). When attempting to assess the impact of soil management practices on erosive runoff risks (Panagos et al., 2015a), it would be valuable to identify more closely the typologies of reduced tillage systems preferred by farmers within the broad range of possible intensities in tillage schemes. This is, however, a major challenge given the highly dynamic decision-making process by farmers over the time scale of a crop rotation: occasional ploughing and subsequent loss of beneficial effects (Blanco-Canqui & Wortmann, 2020), adaptation of tillage strategy according to weather (and soil) conditions, crops choices depending on market prices, etc.
Despite the identification of some determinants for the mitigation effect of the three conservation practices considered in this study, there remains high (unexplained) variabilities between trials effect sizes, thus not attributable to pure sampling variability. There is therefore still room for an explanatory capacity that is not yet understood. As an illustration, the erosion meta-regression model for winter cover crops only allowed to lower the  (between trials heterogeneity, eq. 6) value to 96.9% compared to 97.8% for the empty (without moderators) model. The absolute magnitude of surface flows is known to be an important factor of this interannual variability (Maetens et al., 2012); the higher the scale of runoff and soil losses (e.g. in control plots), the higher the mitigation effect of the conservation practice. This was also observed in our study. As an illustration, when introducing the natural logarithm of the mean erosion rate in control plots as a potential moderator in the conservation tillage meta-regression, this moderator variable is selected in the final meta-model with a p-value <0.0001. Yet we decided not to directly include the magnitude of surface flows as a potential explanatory variable, as it cannot be managed per se but is mainly weather-related, thus of random nature. Besides, some poorly reported factors could not be investigated in this study but might be decisive. For example, considering conservation tillage, one could mention the presence (or even the biomass) of winter cover crop in the rotation and the subsequent amount of residues at the soil surface (Ranaivoson et al., 2017), the soil (moisture) conditions at the time of tillage and the subsequent presence of wheel tracks (Withers et al., 2006), more differentiations in crop types, etc. Methodological aspects like plot size (Langhans et al., 2019) could also be involved in this persistent unexplained variability between trials, although the use of an effect size comparing two treatments under the same conditions (e.g. response ratio) at least partly corrects for this.
4.3 Data availability, limitations and biases
The scarcity of primary experimental data quantifying the effects of winter cover crops, tied-ridging and, to a lesser extent, conservation tillage on runoff and erosion is striking, even though these practices are being widely promoted against surface flow-related risks (Soane et al., 2012; Winteraeken & Spaan, 2010; Sittig & Sur, 2023). While the present study confirms the overall effectiveness of these techniques, the data scarcity and high variability in results across trials does not allow to properly investigate the effectiveness of these measures under a wide range of agronomic management and/or environmental conditions (moderator variables) as would be needed for supporting site-specific policies. To better identify the impact of these variables and thus optimize the implementation of such techniques, a larger number of published studies (and long-term trials) are needed, together with experimental designs featuring replicated plots, as well as thorough reporting of experimental conditions and results. The lack of primary data also constrained the present study to focus on the mitigation effect of each conservation practice alone, independently from other cropping practices. This is an evident limitation, as several conservation techniques can obviously be combined on the fields.
Furthermore, as already pointed out in section 3, the response ratios indicate the mitigation effect of a conservation practice for a given season, depending on the technique considered (and on the crop type for the case of conservation tillage). Direct comparison of RR’s between different crops or practices, as well as direct extrapolation to a full year (e.g. use of erosion RR as USLE P factor) should therefore be avoided. However, a RR for a whole year or rotation could be estimated for a given crop, by weighting seasonal RR’s by the (region-specific) average proportion of runoff or soil loss in the relevant season for the specified crop (Brychta et al., 2018), and by assuming that the practice is ineffective beyond the monitored seasons.
The use of ln(RR) as the effect size measure may have led to an underestimation bias of these mitigation efficiencies, by excluding some trials from the meta-databases. Indeed, for seasons featuring low runoff and soil loss measurements on the control plots, conservation practice plots may not have produced any surface flow at all, which should correspond to a maximum mitigation efficiency. In these situations, the response ratio is, however, not computable because the denominator value is zero. No such case occurred in the meta-database for cover crops and tied-ridging but 14 trials could not be included in the meta-analysis on conservation tillage. The resulting underestimation for the conservation tillage meta-analysis is, however, probably offset to some degree by an overestimation of the effectiveness arising from the high risk of publication bias (section 2.2.4) (Philibert et al., 2012; Chandler et al. 2021). The latter could be partly related to the smaller proportion of trial results derived from grey literature than in the other two meta-datasets (Table 1). Indeed, as opposed to white literature, many studies from the grey literature remain unpublished because they are characterized by small sample sizes, unexpected effect size and/or non-significant outcome (known as the "file drawer" issue). Exploring and including data from grey literature in meta-analyses helps to counteract the risk of publication bias and subsequent misestimation in effect size (Haddaway & Bayliss, 2015; Hopewell et al., 2010).

5. Conclusions
All three soil and water conservation practices analysed in this study, i.e. winter cover crops, tied-ridging in potato crop, and conservation tillage, are effective at mitigating runoff and soil erosion compared to current conventional practices under typical Western European conditions. In particular, it is shown that the time since the abandonment of ploughing, the crop type, or the specific conservation tillage scheme strongly impact the effectiveness of the conservation tillage practice. Nevertheless, the fairly low number of primary studies (for tied-ridging and cover crops) and of long-term studies (especially for cover crops), and the high unexplained variability (for all three techniques) indicate the need for additional studies in order to further unravel the conditions leading to the greatest effectiveness. Moreover, the strong suspicion of publication bias for the meta-dataset on conservation tillage requires careful interpretation of the quantitative literature on this subject, and beyond that, a change of publishing and reviewing “mindset” for editors, referees and scientists involved in this field.
[bookmark: _Hlk158305141]Meanwhile, the present review, by providing quantitative estimates of one of the main assets of conservation agriculture practices, can assist farm advisors or policy makers in deciding to what extent, in which situations, and/or by what mechanisms the adoption of these conservation practices should be promoted. A sensitive trade-off will have to be settled between surface water and soil conservation issues, and other societal requirements such as groundwater quality (Alletto et al., 2010), food security (Godfray et al., 2010; Van den Putte et al., 2010), reduction of greenhouse gas emissions (Garré et al., 2022; Palm et al., 2014; D’Haene et al., 2009), and reduction in the use and impacts of plant protection products (Wynn & Webb, 2022). Agronomic research on innovative conservation farming practices that are compatible with these pressures must also be pursued.
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