Silvoarable agroforestry systems as promising practices for improving soil biological health: recent advances and future challenges in western European region
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Highlights
● The SAFs had an overall significant positive effect on soil biological health indicators
● Positive effect of SAFs increases with stand age and decreases with distance from trees.
● SAFs' effects on mesofauna, microbial activity, young stands, and deep soil layers remain unclear
● Integrative soil biological health index is missing for western European SAFs

Abstract

[bookmark: _heading=h.gjdgxs]Despite growing interest in silvoarable agroforestry systems (SAFs) as agroecological solutions for sustainable agriculture, their impacts on soil biological health remain poorly synthesized and inconsistently assessed in Western Europe. This study addresses this gap through an updated review and meta-analysis, highlighting the spatial and temporal dynamics of SAFs’ effect on soil biological health and identifying key research needs. We proposed a revised definition of soil biological health: "the ability of a soil to sustain diverse organisms, promoting a wide range of ecosystem services and/or efficient crop development, in close interaction with its physical and chemical components”. From bibliographical synthesis, a summary of how the above- and belowground tree components, along with the understory vegetation strip, influence soil biological health was drawn. Meta-analysis based on 38 publications (1,253 comparisons and 19 indicators) revealed a significant overall positive effects of SAFs on soil biological health (effect size = 0.39, 95% CI = [0.22–0.57], p < 0.001, N = 1253, n = 38). Effect sizes increased with stand age and decreased with distance from the tree row. Notably, 86% of the measurements were conducted within the top 30 cm of soil, reflecting a common assumption that this layer sufficiently represents soil biological health. Within the 0–30 cm layer, SAFs increased soil organic matter, earthworm abundance, litter-feeding macrofauna and arbuscular mycorrhizal fungi, while reducing soil bulk density. However, knowledge gaps remain concerning the effects of SAFs on mesofauna, microbial activity, young stands, and deeper soil layers in Western Europe. Finally, the diversity of indicators highlights the need for integrative indices that synthesize multiple biological parameters into aggregate scores. Further research is also required to quantify all ecosystem services provided by improved soil biological health under SAFs.
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1. Introduction

Western Europe (WE), like many other regions of the world, faces several environmental challenges, including climate change, declining water quality, biodiversity loss, and soil degradation; many of which are both caused by and have significant repercussions on agricultural activities.
Regarding climate change and the evolution of agriculture, greenhouse gas emissions are well known as a driver of global warming in a world with a growing population. Agricultural activities and land-use-related emissions are significant contributors to anthropogenic global warming (Lynch et al., 2021; Menegat et al., 2022). Even if efforts have been made in WE to reduce greenhouse gas emissions (Hopkin, 2004), they remain insufficient to meet the European Union’s climate change targets for 2050 (Röös et al., 2017).
Water quality degradation and biodiversity loss are also major and growing issues that need to be addressed in WE. They affect economic and social welfare as well as the sustainability of agroecosystems (Gascuel-Odoux et al., 2022; Merot et al., 2014). The significant changes in water quality are, among other factors, linked to the evolution of agricultural practices in response to (i) increased water and temperature stresses and (ii) the use of fertilizers and pesticides over the centuries (Lungarska and Chakir, 2018; Michalak, 2016). Moreover, WE is facing serious biodiversity loss: 70% of species linked to agroecosystems and 76 % of habitats have an unfavorable conservation status (European Environment Agency, 2010). Over the world, these losses are attributed to the habitat destruction and overexploitation (Caro et al., 2022) and resulting from deforestation and the conversion of grasslands to intensive agriculture (Jeanneret et al., 2021; Schwarzmueller and Kastner, 2022). Certain intensively farmed area of WE have been identified as high-risk zone for soil biodiversity decline (Gardi et al., 2013).
Soil degradation (whether chemical, physical, or biological) is a major concern in WE (Virto et al., 2014) since the second half of the 20th century, mainly due to agricultural practices. Chemical degradation includes soil contamination by organic or mineral pollutants, salinization, acidification, and nutrient depletion. Physical degradation involves soil compaction which reduces its porosity, permeability and water-holding capacity, and hampers root growth and biological activity (Piccoli et al., 2022; Van den Akker et al., 2003). The decline in structural stability can also lead to crust formation and erosion (Boardman and Poesen, 2006). Biological degradation is driven by the depletion of soil organic carbon (C) content (Louwagie et al., 2009; Jones et al., 2005), due to factors such as land conversion, intensive tillage, over-fertilization, limited crop rotations, soil erosion, farm specialization, decoupling of crop and livestock systems, bare soils, and non-restitution of crop residues in the soil (Ogle et al., 2005; Virto et al., 2014). 
As a result, soil capital, the foundation of agricultural production, is being depleted, becoming unhealthy and increasingly unable to support sustainable crop production. A transition to sustainable agriculture is thus more necessary than ever in order to revitalize soils and restore their biological, chemical and physical fertility (Gamage et al., 2023; Sharma et al., 2024).
Agroforestry systems represent one of the most promising levers for the agroecological transition of WE farming systems. They are defined by FAO as “a collective name for land-use systems and technologies where woody perennial plants (trees or shrubs) are deliberately associated on the same land-management units with crops (or silvoarable) and/or animals (or silvopastoralism), in some form of spatial arrangement or temporal sequence” (FAO, 2015).  
In WE, agroforestry systems are predominately silvopastoral, whereas silvoarable systems have been less frequently studied (Mupepele et al., 2021). Silvoarable agroforestry systems (SAFs) could help tackle the aforementioned environmental challenges and mitigate the impact of food production systems on climate change and soil quality. SAFs include (i) the simultaneous association of tree rows and crops on the same land, with trees located either at the field margin boundary (e.g. hedgerows, shelterbelts, riparian buffers) or within the field (e.g. alley cropping, isolated trees, intercropped orchards, forest farming) (Kletty et al., 2023) and (ii) sequential tree/crop associations such as improved fallows (Grebner et al., 2013; Mosquera-Losada et al., 2009), although they are increasingly rare. 
SAFs practices enable agricultural system to benefit from both ecological and economic interactions (Artru et al., 2018b; Pantera et al., 2021). They support ecosystem services and provide environmental benefits while enhancing resource-use efficiency (Pantera et al., 2021). Trees in SAFs play multiple roles, including wind protection, enhancement of biodiversity above- and belowground, erosion control, nutrient cycling (via nutrient pumping and hydraulic lift), soil fertility improvement, C sequestration, water quality protection and microclimate regulation (Bateni et al., 2021; Dollinger and Jose, 2018). 
The presence of trees also influences the biological and microbiological dynamics of cultivated soils. Although soil health in SAFs has been relatively well studied, most research has focused on its physical and chemical dimensions, while the influence of trees on biological and microbiological components remains underexplored—particularly regarding their role in ecosystem services and overall soil functioning. Biological indicators are now increasingly recognized as essential for a more accurate evaluation of soil health (Pankhurst et al., 1997). Biological activity in soils is largely concentrated in the topsoil, particularly attributed to organic and organo-mineral pedological horizons. In these horizons, SOM represents on average less than 10% and its living component, occupying only a tiny fraction (< 15%), consists of 5–15% plant roots and 85–95% of soil organisms (Pankhurst et al., 1997). Soil organisms themselves consist of 15–30% macro-, meso- and microfauna and 70–85% microorganisms (primarily microflora) (Pankhurst et al., 1997). Soil microorganisms, especially bacteria and fungi, are responsible for 80–90% of the soil’s biological activity, driving key processes such as nutrient cycling and organic residues decomposition. Altogether, soil biota represents a vital component in maintaining soil biological health (Pankhurst et al., 1997). Several recent reviews have explored specific aspects of how SAFs influence soil bioversity and ecosystem functioning (Beule et al., 2022; Fahad et al., 2022; Mupepele et al., 2021; Torralba et al., 2016; D’Hervilly et al., 2022). Beule et al. (2022) provided a detailed synthesis of the effects of SAFs on soil microbial abundance, diversity, and function, focusing primarily on microbiota. Mupepele et al. (2021) conducted a time-cumulative meta-analysis assessing agroforestry effects on biodiversity more broadly but did not specifically target soil biological health. Staton et al. (2019), through meta-analysis, evaluated the role of trees in supporting ecosystem services such as natural enemy regulation and pollination. Fahad et al. (2022) offered a general overview of how SAFs maintain and improve soil health. D’Hervilly et al. (2022) highlighted the spatial and seasonal patterns in macrofauna and O’Connor et al. (2023) showed the temporal evolution of soil organic matter (SOM) in SAFs chronosequence down to 2 m depth. To date, comprehensive and integrative assessments of soil biological health as a whole in SAFs, explicitly acounting for spatial and temporal variability, remain scarce in the literature.
This study aims to synthesize recent advances on the impacts and research perspectives of SAFs on soil biological health in Western Europe. Our main objectives were: (i) to update the definition of soil biological health based on recent literature and summarize the potential effects of tree presence in SAFs on its key components; (ii) to assess the positive, negative or neutral impacts of SAFs on soil biological health indicators in WE and (iii) to highlight research gaps regarding the effects of SAFs on soil biological health and propose future research directions. A comprehensive and integrative meta-analysis was performed, covering a wide array of indicators—including soil fauna, microorganisms, and associated soil properties such as organic matter and bulk density. Key sources of variability, rarely addressed together in previous syntheses, were analyzed, including spatial heterogeneity (e.g., tree vs. crop rows), temporal dynamics (e.g., stand age), and soil depth.

2. Litterature search, selection and analyses

The literature search was conducted using Web of Science and Google Scholar, as the majority of peer-reviewed articles are indexed in these databases. Articles were downloaded without any restrictions regarding the year of publication. Keywords related to SAFs (“agroforest”, “silvoarable”, “alley cropping”, “hedgerows”, “riparian buffer”, “pollard tree”, “tree-based intercropping”, “shelterbelt”, “field margin strip”, “orchard”) were combined with those related to soil biological health (“soil biological health”, “biodiversity”, “macrofauna”, “mesofauna”, “microfauna”, “soil DNA”, “fungi”, “bacteria”, “abundance”, “richness”, “species”, “microbial biomass”, “mycorrhizae”, “nitrogen (N) mineralization”, “rhizosphere”). The research was limited to European temperate systems, specifically in WE countries having an oceanic climate, characterized by mild temperatures year-round, a low annual temperature range (monthly mean temperatures below 22 °C in the warmest month, and above 0 to −3 °C in the coldest month), and high levels of precipitation (>800 mm annually). This includes Ireland and Great Britain, France, Belgium, the Netherlands, Austria, Hungary, Luxembourg, Denmark, western Germany, the south coast and western areas of Norway up to Skrova in the Lofoten archipelago, several parts of Czech Republic, the north coast of Spain, the western Azores off the coast of Portugal, the north of Serbia and the southernmost parts of Sweden. 
Firstly, a subset of all consulted scientific publications was used to propose an updated definition of soil biological health. Secondly, based on original research and review publications, a scheme illustrating the various changes that trees may induce in soil biological health in SAFs ecosystems through their above- and belowground part was drawn (Figure 1). Existing literature showing how trees may affect soil biological health in SAFs was summarized. Thirdly, 38 original research articles were selected to identify the factors influencing the variability of SAFs effects on soil biological health in WE (Table 1). Publications were selected based on three criteria related to stand parameters : i) covering different stand age classes ranging from very young (≤ 4 years old) to mature stands (≥ 20 years old), ii) including a vertical or horizontal transect within SAFs stand, from the tree row to the middle of alley, and from topsoil to deeper layers and iii) focusing on business-as-usual SAFs frequently encountered in WE region, such as alley cropping systems with entire or pollarded trees and annual crops, hedgerows (i.e., shelterbelts and field margin boundaries), intercropped orchards and riparian buffers. The SAFs including grasses and forage crops were excluded from the analysis, as well as forest farming and improved fallows. Sixteen soil biological health indicators commonly used by soil scientists were chosen (Thoumazeau et al., 2019) and only publications addressing these indicators were retained: three soil physico-chemical parameters (SOM, aggregate stability and bulk density), nine indicators characterizing the size or abundance of specific soil organism (earthworms, macrofauna, mesofauna, microbial biomass C, soil DNA, bacteria and fungi, fungi-to-bacteria ratio, arbuscular mycorrhizal fungi or AMF) and four indicators reflecting overall soil microbial activities (basal respiration, potential net N mineralization or PNM, metabolic quotient, and enzymatic activity,). Soil macrofauna includes soil-dweling animals (1–30 mm) (Gongalsky, 2021). Often used as indicators of soil health (Doube, 1998) or pollution (Dahiya et al., 2022), they act as ecosystem engineers by mixing soil particles, redistributing organic matter and microbes, creating biopores, and promoting humification. Macrofauna taxa (excluding Lumbricidae) were assigned to one of three main trophic groups based on their predominant feeding behavior: animal-feeders (e.g., orders Araneae, Chilopoda, and families Staphylinidae [rove beetles], Formicidae, Coccinellidae, Chrysopidae, Carabidae, Syrphidae), plant-feeders (e.g., orders Lepidoptera, Coleoptera [adults and larvae], Heteroptera, and families Aphididae, Elateridae, and class Gastropoda including slugs and snails), and litter-feeders (e.g., class Diplopoda [millipedes], order Diptera, and suborder Isopoda [woodlice]). Only data on the abundance of these trophic groups were included in the meta-analysis. Mesofauna represents organisms whose sizes are between 100-2000 µm. They regulate the fungal and microfaunal populations, change nutrient turnover and plant residue fragmentation, create biopores and promote organic matter humification (Dahiya et al., 2022). Due to their ecological relevance, data on mesofauna were restricted to Collembola and Acari, the most commonly studied and reported groups in the literature (Olejniczak, 2007). Bacteria and fungi, which are part of the soil microflora, include organisms ranging in size from 20 to 200 µm (Dahiya et al., 2022). They play a central role in soil nutrient cycling by contributing to organic matter decomposition and regulating microbial communities. Bacterial and fungal abundances were typically assessed using real-time PCR targeting the 16S rRNA and 18S rRNA genes, respectively (Beule et al., 2020). Microbial biomass C is often obtained using soil fumigation-extraction method (Vance et al., 1987). The AMF were assessed either by measuring the mycorrhization rate and abundance in plant roots (Battie-Laclau et al., 2020) or by quantifying their presence in soil using the phospholipid fatty acid method (Guillot et al., 2021). Basal respiration, PNM, and the metabolic quotient were determined through soil incubation under standardized laboratory conditions. The indicator named "enzymatic activity" encompasses a set of soil enzymes, including arylsulfatase, β-glucosidase, β-xylosidase, leucine aminopeptidase, N-acetyl-β-glucosaminidase, phosphatase, protease, and tyrosine aminopeptidase (Beuschel et al., 2019; Clivot et al., 2020). A total of 19 soil biological health indicators were retained.
For each selected study and indicator, mean values, standard deviations, and the number of replications were systematically extracted for both SAFs and control plots. Control plots typically corresponded to adjacent monocrop plots or to middle alleys or to treeless plots where the tree row area was replaced by a vegetated strip. Data were sourced either directly from tables or digitized from figures using WebPlotDigitizer (version 4.7; Rohatgi, 2024). The SAFs type, stand age, soil sampling layer and distance from the tree row were noted for each study. Each unique site or measurement date within a study was treated as an independent observation. For the enzymatic activity indicator, since studies typically assess the activity of several enzymes within the same experiment, each enzyme was treated as an independent observation. Stand age was classified into four categories (≤ 4 years old, 5–10 years old, 10–20 years old, and ≥ 20 years old), soil sampling layer into three categories (0-30 cm, 30-60 cm and > 60 cm) and distance from the tree row into five categories (< 1 m, [1–2 m], ]2–4 m], > 4 m, and inter-row). The distance < 1 m is hereafter referred to as “tree rows”. The "inter-row" category includes studies that reported a single mean value averaged across multiple sampling distances between two tree rows. The selected 38 original research articles were identified according to a code ranging from 1 to 38 (Table 1), hereafter referred to as “Study ID”. Notably, 61% of the selected articles were published in the last six years, 34% between 2000 and 2018 and only 5% before 2000. Most studies originated from France (17 out of 38), followed by Germany (10), the United Kingdom (4), Belgium (3), Poland (2), Hungary (1) and Sweden (1). The most frequently studied tree species, in descending order, were walnut (17), poplar (16), wild cherry (3), hawthorn (2), ash (2) and maple (2). Other species represented by a single occurrence included blackthorn, elderberry, hornbeam, larch, locust, oak, paulownia, pine, and wild service tree. Only two types of SAFs were identified : alley cropping systems (80%) and hedgerows (20%).
To quantify the magnitude of SAFs effects on each soil biological health indicator, effect sizes were calculated using the natural logarithm of the response ratio (lnRR), following Hedges et al. (1999) :

Effect size = ln(RR) =  						(Eq1)

where  and  are the mean values of the indicator in the SAFs and control plots, respectively. The response ratio (lnRR) is a commonly used unweighted metric in ecological meta-analyses, particularly when primary studies vary in the indicators measured and methodologies applied (Mupepele et al., 2021; Staton et al., 2019; Torralba et al., 2016). To prevent undefined values arising from the natural logarithm of zero, a small constant (c = 10⁻3) was added when both means and standard deviations were equal to zero. 
Effect sizes were analyzed using a mixed-effects meta-analysis model to assess the overall impact of SAFs across all selected indicators, with study ID included as a random effect to account for variability between studies. To explore potential sources of heterogeneity, additional models were fitted, each including a single moderator either SAFs type, stand age, distance from the tree row or soil sampling layer as fixed effect. Subsequently, each soil biological indicator was separately analyzed. Due to the limited availability of data from deeper soil layers, these individual meta-analyses were restricted to observations from the 0–30 cm soil layer. For each indicator, as with the overall analysis, an initial set of models tested “SAFs type” as a fixed effect. In several cases, however (soil bulk density, microbial biomass C, bacterial abundance, fungal abundance, fungi-to-bacteria ratio, AMF, soil basal respiration, metabolic quotient and enzymatic activity), only one SAFs type was represented in the dataset preventing any comparison between types. In a second set of models, two moderators (stand age and distance from the tree row) were simultaneously tested as fixed effects, using the full dataset across all SAFs types. The interaction between these two moderators was not tested due to missing factor combinations and an unbalanced data structure. Effects were considered statistically significant when the 95% confidence interval (CI) of the lnRR did not include zero. Asterisks were used to indicate a significant effect : *p < 0.05, **p < 0.01 and ***p < 0.001. All estimates based on fewer than three observations were excluded from the analysis. Throughout the manuscript, for each indicator, the number of observations is denoted by an uppercase “N”, and the number of studies by a lowercase “n”. Due to an insufficient number of observations (N < 10, i.e., the number of distance-from-tree-row categories x number of SAFs type = 10), effect sizes were not analyzed with two moderators for the following indicators: soil aggregate stability, AMF, PNM, enzymatic activity. Througouth the text, results of meta-analysis are presented in brackets as (“effect size”” = lnRR, “95%CI” = [95% CI Lower–95% CI Upper], “p value”, “N” = number of observation, “n” = number of studies). All mixed-effects meta-analysis models were implemented with the “rma” function from the “metafor” package (version 4.8-0; Viechtbauer, 2024) in R software (version 4.2.0; R Core Team, 2022). The study ID was systematically included as a random effect within all models to account for non-independence of effect sizes within studies.

3. Rethinking soil health: concepts, definitions, and contributions of silvoarable agroforestry systems

3.1. “Soil health” as a new paradigm and proposed definition of “soil biological health”

Nowadays, soils are expected to provide a wide range of ecosystem services to support the agroecological transition of cropping systems, mitigate the impacts of climate change, ensure quality water, and reduce erosion. Soil quality assessment can no longer be limited to the physical and chemical properties that sustain high yields in an input-assisted systems. Soil organisms ranging from macro-, meso- to microfauna and microflora (Beule et al., 2020; Cardinael et al., 2019; Guillot et al., 2021; Marsden et al., 2020), as well as their roles in ecosystem functioning (Araujo et al., 2012) have been studied and their benefits widely demonstrated. For instance, it is now well-known that soil microbial communities can enhance crop production and contribute to a variety of ecosystem services that improve soil and water quality, as weel as plant growth (Delgado-Baquerizo et al., 2020; Udawatta et al., 2019). Agricultural practices need to change paradigm and prioritize the improvement of soil chemical, physical and biological properties, rather than focusing solely on yield, at the heart of sustainable agricultural production schemes.
Although it has been a topic of great interest and a widely used term for more than a decade (Coyne et al., 2022; Lehman et al., 2015; Lehmann et al., 2020), the concept of healthy soil was recently defined by the FAO Intergovernmental Technical Panel on Soils as “the ability of the soil to sustain the productivity, diversity, and environmental services of terrestrial ecosystems” (FAO, 2020). Brackin et al. (2017) defined biological healthy soils as those that support large and diverse microbial communities, suppress pathogens and support healthy crop development. In this paper, we propose to complete the definition of the “soil biological health” as: "The soil’s ability to sustain numerous and diversified organisms promoting a wide range of ecosystem services and/or efficient crop development, in close interaction with its physical and chemical components”.
Various soil parameters were recommended in the literature as candidate indicators of soil biological health including SOM, particulate organic matter, PNM, basal respiration, metabolic quotient, electrical conductivity, sodium absorption ratio, pH, inorganic nutrient, aggregate stability, available water-holding capacity, soil bulk density, topsoil depth, infiltration rate, water-filled pore space, macro and mesofauna biomass and diversity, total DNA, bacterial and fungal abundance, biomass, diversity and function, microbial biomass C and N, and enzymatic activity (Lehman et al., 2015; Nunes et al., 2020; Stott et al., 2010; Wienhold et al., 2009). All of these indicators are important to consider and integrate when evaluating soil biological health because of their direct or indirect association with soil biological properties and processes. Biological indicators appear promising to evaluate soil health due to the ability of soil organisms to respond sensitively to changes in their environment.
The SOM is a key indicator of soil biological health (Pérez‐Guzmán et al., 2021), as it increases biodiversity by mediating nutrient availability and water infiltration, improves soil aggregation, and acts as a C sink. In Europe, tools integrating biological health indicators exist, such as Biofunctool® (Thoumazeau et al., 2019). Several authors (Bert et al., 2012; Ponge et al., 2013) have proposed a composite biotic indicators gathering biological soil variables into a ranking score to compare the biological status of different agroecosystems in the Brittany region of France. Other authors have used biological soil parameters as tools to compare various agricultural practices (Christel et al., 2021).

3.2 How can silvoarable agroforestry systems contribute to soil health?

The introduction of trees into agricultural landscapes has the potential to generate physical and chemical changes that are expected to contribute to improved soil biological health. Trees influence the soil environment not only through their above- and belowground parts but also via the understory vegetation strips (UVS), uncultivated areas within the tree rows, often colonized by spontaneous or sown herbaceous and/or melliferous plant species (Figure 1). Since these UVS areas are not disturbed by tillage, they form specific sub-ecosystem within the SAFs stand contributing to improve soil biological health.

3.2.1 Aboveground effect of tree and UVS on soil environment in silvoarable agroforestry systems

Regarding the aboveground effect in SAFs, the shade from the tree canopy reduces the amount of solar radiation reaching the ground beneath the trees (Artru et al., 2018a; Dufour et al., 2020) and creates a specific microclimate (Inurreta-Aguirre et al., 2018; Kanzler et al., 2019; Swieter et al., 2022). In WE, studies showed that poplar hedgerows in a short rotation alley cropping systems significantly reduce (i) daytime air temperature, vapour pressure deficit and atmospheric evaporative demand in summer periods (Kanzler et al., 2019) and (ii) wind speed both during the day and at night (Böhm et al., 2014). The tree canopy, along with soil cover (e.g. perennial cover crops or shrubs, crop residues, tree litter, and pruning residues) may intercept rainfall and reduce the impact of raindrops on soil aggregates by limiting splash erosion (Zhu et al., 2023), surface runoff and soil crust formation (Fahad et al., 2022). Cover, including the UVS, can also protect the soil from extreme freezing in winter and excessive heat in summer (Feldhake, 2002). All these processes affect soil temperature, moisture, and erosion and also influence soil biota (Barrios et al., 2012; Lin, 2010; Martius et al., 2004). In addition to these physical effects, the tree canopy and UVS are sources of organic matter and nutrients through litter fall and dry or wet atmospheric deposition, respectively. For example, it has been shown that the annual input of organic C provided to the soil in an agroforestry system was eight times greater (i.e., 3.13 t C ha-1 year-1 corresponding to the sum of 0.73 t C ha-1 year-1 from Juglans regia litter fall, 2.13 t C ha-1 year-1 from UVS and 0.27 t C ha-1 year-1 from Triticum turgidum residues) than in a monoculture without trees (i.e., 0.4 t C ha-1 year-1 from Triticum turgidum residue alone) (Cardinael et al., 2018). The tree biomass and soil C sequestration have been shown to reach their maximum rate particularly during the early years of tree growth (< 10 years old ; Kim et al., 2016), although this varies according to the type of SAFs. Kim et al. (2016) reported that SAFs could contribute to mitigating 27 ± 14 t CO2 equivalents ha-1 year-1 at least for the first 14 years after establishment. When N-fixing trees (such as alder, black locust, and honey locust, commonly used in European temperate SAFs) are included in the system, they may provide additional organic N through symbiotic fixation. Some studies showed an average annual addition of dry biomass from N-fixing trees of up to 20 t ha-1 yr-1, although this depends on climate, soil fertility, tree species and management regime (Young, 1997). The mulch from leaf litter or UVS areas serves as habitat, refuge, or food source for numerous species and thus contributes to increasing local biodiversity. In European temperate regions, authors showed that UVS act as refuges for plant diversity and host invertebrate species (Staton et al., 2021) that are poorly tolerant to agricultural disturbances (Boinot et al., 2019a). For epigeic soil organisms such as detritivores, decomposers, mutualists, pathogens, parasites, root feeders, shredders, grazers, predators and higher-level predators, litter organic matter serves both as a niche and a food source. Since organic matter forms the first trophic level of the soil food web (Jeffery et al., 2010), its increase due to the presence of trees leads to a significant changes in the biomass, diversity and activity of all living soil organisms.

3.2.2. Belowground effect of tree row and UVS on soil environment in silvoarable agroforestry systems

The belowground components of trees and UVS (including coarse and fine roots), can also induce physical and chemical changes that contribute to improving soil health (Figure 1). The high soil porosity and low bulk density often observed in UVS areas (Upson and Burgess, 2013) provide habitat for soil organisms, while organic matter inputs supply essential food resources. In the 0-30 cm soil sampling layer, our meta-analyses revealed a significant overall positive effect of SAFs on SOM, particularly in alley cropping systems where more data were available (effect size = 0.71, [0.44-0.97], p < 0.001, N = 149, n = 15) (Figure 2). In contrast, studies on hedgerows were too limited to draw firm conclusions regarding their impact on SOM. The positive effect was consistently significant in the tree row area, particularly in stands older than five years (Table 1). The meta-analyses also revealed a significant negative effect of SAFs on soil bulk density (Figure 2), with the strongest reduction observed in mature stands and near the tree row (Table 1). However, no data were available on the spatial distribution of bulk density in stands younger than five years, limiting conclusions for early-stage systems (Table 1).
In terms of physical changes, the presence of trees can promote water percolation through root channels and infiltration into deeper soil layers, thereby reducing surface runoff and enhancing water storage throughout the soil profile (Bayala and Prieto, 2020). In addition, tree roots improve soil aggregation through mechanical action, resulting from the perennial succession of root growth and senescence cycles, combined with the secretion of root exudates and the input of root litter. Higher levels of water-stable soil aggregates, greater soil porosity, and lower bulk density were observed in SAFs soils under riparian buffer zones compared to adjacent crop areas (Seobi et al., 2005; Udawatta et al., 2008, 2006). These effects were attributed to the continuous addition of organic matter from fibrous root systems, leaves, twigs, and branches associated with the perennial vegetation in SAFs. Finally, because trees extract water from different soil layers depending on their rooting architecture, they can redistribute it from wetter deep layers to drier upper layers through hydraulic lift (Bayala and Prieto, 2020).
In terms of chemical changes, the coarse and fine roots of trees (Germon et al., 2016) and UVS (Battie-Laclau et al., 2020) often contribute to increase in SOM through root mortality, turnover and rhizodeposition both in upper (Cardinael et al., 2018, 2017, 2015a; Chatterjee et al., 2018; Guillot et al., 2021; O’Connor et al., 2023; Pardon et al., 2017; Upson and Burgess, 2013; Viaud and Kunnemann, 2021) and deeper soil layers (Lorenz and Lal, 2014). Tree roots can also intercept nutrients leached in deep soil layers (Vanlauwe et al., 2005; Zamora et al., 2009) and act as a “safety net” (Bergeron et al., 2011; Rowe et al., 1998), contribute to soil parent material weathering and capture atmospheric N2 for species able to make symbiosis with microorganisms (Rowe et al., 1998). A decrease in N leaching was observed in some SAFs (Rowe et al., 2001) although generalizing these results remains difficult due to the diversity of SAFs, soil types, tree species and regional pedoclimatic conditions. Finally, tree and UVS roots can exude labile C compounds promoting organic matter decomposition through a priming effect (Fontaine et al., 2007). They can also release stimulatory or inhibitory molecules that influence the size, diversity and activity of rhizosphere microbial communities (Badri et al., 2013; Haichar et al., 2008). Root exudates, comprising amino acids, organic acids, and sugars, contribute to the spatial heterogeneity of soil microbial communities (Farrar et al., 2003; Odelade and Babalola, 2019). These exudates serve as specific substrates or signaling molecules for diverse microbial taxa and have been demonstrated to significantly influence the composition and structure of rhizosphere bacterial communities (Haichar et al., 2008; Meier et al., 2013).
Despite potential nutrient losses in SAFs, only few studies have investigated nitrous oxide emissions in SAFs (Kim et al., 2016; Luo et al., 2020) and the specific role of N-fixing trees in such emissions and their interaction with soil biota (Rosenstock et al., 2014). When comparing SAFs with adjacent agricultural lands, Kim et al. (2016) observed only minor differences in net nitrous oxide emissions, with no clear overall trend. Other authors reported nitrous oxide emissions up to three times lower in tree-based intercropping systems compared to conventional monocultures, likely due to reduced soil moisture in SAFs which limits N nitrification (Beaudette et al., 2010; Luo et al., 2022). 

4. Impact of silvoarable agroforestry systems on soil biological health indicators

Overall, a total of 1,253 comparisons were recorded from 38 publications across all SAFs type, soil depths, distances from the tree row, and stand ages for the 19 soil biological health indicators. No paper was found reporting soil total DNA as indicators of soil biological health in SAFs. Regardless of the type of indicators, the SAFs type, the soil layers, the distance from the tree row, the stand age, meta-analyses revealed a significant positive effect of SAFs compared to controls on soil biological health indicators (effect size = 0.39, 95% CI = [0.22–0.57], p < 0.001, N = 1253, n = 38). The positive effect was higher for hedgerows (effect size = 0.49, 95% CI = [0.28–0.7], p < 0.001, N = 201, n = 9) than alley cropping systems (effect size = 0.37, 95% CI = [0.19–0.55], p < 0.001, N = 1052, n = 30) (Figure 3). The positive effect size increased with stand age and decreased with distance from the tree row (Figure 3). The positive effect of SAFs on soil biological health was significant in the 0–30 cm and 30–60 cm soil layers (Figure 3) but not beyond 60 cm (effect size = –0.06; 95% CI = [–0.25, 0.13]; p = 0.55; N = 54; n = 5).
Among the 1,253 observations covering all soil biological health indicators, 86% were measured in the 0–30 cm soil layer, 9% in the 30–60 cm layer, and 5% at depths greater than 60 cm. Additionally, 40% of the observations were taken within the topsoil ≤ 10 cm. Observations beyond 30 cm depth were relatively scarce (Figure 4) and were mainly available for SOM (n = 5), soil aggregate stability (n = 1), soil bulk density (n = 2), bacterial (n = 1) and fungal abundance (n = 1), and PNM (n = 1).

4.1 Impact of silvoarable agroforestry systems on soil macrofauna abundance 

Among the soil biological health indicators selected for this study, macrofauna (including earthworms) had the highest number of observations. Meta-analysis showed a positive effect of alley cropping systems on earthworm abundance compared to control plots in the 0–30 cm soil sampling layer (effect size = 0.64; 95% CI = [0.56–0.72]; p < 0.001; N = 93; n = 7) (Figure 2). The effect size was not statistically significant for hedgerows, but the number of observations was low (n = 5). No studies quantifying earthworms beyond 30 cm depth were found. In alley cropping systems, spatial and temporal meta-analyses revealed a significant positive effect size in tree rows, especially for stands aged 5–10 years and ≥ 20 years (Table 1). High earthworm abundance in the tree row area is often attributed to the absence of disturbance (no tillage, no fertilizers, no pesticides) and to high SOM content. Earthworms are considered to have the greatest potential as an indicator group of soil health (Doube, 1998). It was also shown that the spatial distribution of earthworm casts in SAFs closely vary with the spatial arrangement of trees and mulch (Pauli et al., 2010), with the distance from tree rows (Hauser et al., 1998) and with the season (D’Hervilly et al., 2022). Even though tree rows offer a favorable habitat for earthworm populations, some authors revealed that they do not serve as a source of earthworms for the crop alleys (Cardinael et al., 2019) and that the positive effects observed on earthworm populations do not extend beyond the crown diameter (Park, 1995).
Meta-analyses conducted at the 0–30 cm soil sampling layer revealed no overall significant effect of SAFs on our three defined trophic groups of macrofauna (Figure 2), except for hedgerows, where a significant increase in litter-feeding macrofauna abundance was detected (effect size = 0.37; 95% CI = [0.10–0.64]; p < 0.01; N = 35; n = 7) (Figure 2). Spatio-temporal meta-analyses showed that: (i) for each stand age category, a significant positive effect of SAFs on the abundance of animal-feeding macrofauna was observed at distances greater than 4 m from the tree row; (ii) the population of plant-feeders (including slugs and snails) was not affected by SAFs regardless of stand age or distance from the tree row; and (iii) a significant positive effect of SAFs on the abundance of litter-feeding macrofauna was observed in the tree rows for all stand age categories except for 10–20 years old stand of Pardon et al. (2019). Stands younger than 4 years are underrepresented in our meta-analyses for plant-feeding macrofauna (Table 1). The high abundance of animal-feeders at greater distances from the tree row in SAFs was attributed by authors to the presence of a large proportion of individuals captured in their traps belonging to species that prefer open habitats, such as Anchomenus dorsalis, Bembidion obtusum, Trechus quadristriatus, Bembidion tetracolum, Pterostichus melanarius, and Bembidion lampros (Pardon et al., 2019). Hof and Bright (2010) similarly noted that uncultivated borders, such as tree or grass rows, can serve as winter refuges for carabids, which later disperse into adjacent fields—coinciding with the typical spring sampling period. The high abundance of animal-feeders in SAFs alleys may suggest increased predation and reduced pest pressure, although we lacked data to confirm such hypothesis. Finally, certain authors emphasized that the response of carabids to the presence of trees may be species-specific (Richard et al., 2020), but again our dataset did not allow such an analysis. Among plant-feeders, although we detected no overall effect of SAFs, some authors have reported that the presence of tree rows in SAF landscapes leads to higher local densities of slugs compared to open arable land (Griffiths et al., 1998; Staton et al., 2019; Staton et al., 2021). The increased density of slugs can cause increased damage to crops in the arable alleys, especially in the drill row immediately adjoining the tree rows. Regarding the high abundance of litter-feeders in the tree rows of old hedgerows revealed by our meta-analyses, it was assumed to be related to the favorable habitat and refuge conditions such as increased food sources, shade and soil and air humidity. Woodlice, like most detritivores, are drought- sensitive organisms (Pardon et al., 2020).
These results suggest that the presence of trees in temperate SAFs contributes to the preservation of arthropod biodiversity and the enhancement of associated ecosystem services both in tree rows and in the juxtaposed arable zone (Pardon et al., 2017). However, caution is warranted as our meta-analyses are based on a limited number of publications and available data. Our conclusions need to be confirmed as further research on the topic develops.

4.2. Impact of silvoarable agroforestry systems on soil mesofauna 

Compared to macrofauna abundance, studies assessing mesofauna abundance in SAFs versus control plots remain scarce. Most available data concern old hedgerows (Table 1). The effect size of SAFs on Collembola and Acari abundances was not significant and was associated with wide confidence intervals (Figure 2). The spatio-temporal meta-analyses did not reveal any significant effect of SAFs, either by stand age or by distance from the tree rows. However, this analysis was based on only four studies (Boinot et al., 2019b; Szigeti et al., 2022; Alvarez et al., 2000; Olejniczak, 2007), which did not cover all combinations of the two fixed factors (stand age and distance from the tree rows). Boinot et al. (2019b) noticed lower springtail populations in crop alleys than in UVS in SAFs where they hibernate. Spingtails are among the most abundant soil arthropods regulating soil fertility and flow of energy through above- and belowground food webs (Potapov et al., 2023). They mainly inhabit soil and litter layers and their presence has been shown to be influenced by many factors including litter composition, climatic conditions and the presence of tree (Mladenović et al., 2021).

4.3. Impact of silvoarable agroforestry systems on soil microorganisms

Our overall meta-analyses did not reveal any significant effect of SAFs on bacterial and fungal abundance, fungi-to-bacteria ratio, or microbial biomass C in the 0–30 cm soil layer (Figure 2). However, numerous studies showed that SAFs positively influence the abundance (Banerjee et al., 2016; Beule et al., 2022b), spatial distribution, biomass (Zak et al., 2003), activity (Chander et al., 1998; Mungai et al., 2005; Udawatta et al., 2008) and composition of microbial communities (Udawatta et al., 2019). Our spatio-temporal meta-analyses showed a significant positive effect of SAFs on bacterial and fungal abundance, as well as on the fungi-to-bacteria ratio, in the tree rows of 10–20-year-old stands (Table 1). Other stand ages, distances from the tree row, and hedgerows were underrepresented in our dataset, limiting the ability to draw firm conclusions. Several studies comparing microbial biomass within SAFs plots have reported a gradual decrease from the tree rows to the middle of alley (Beule et al., 2020; Seiter et al., 1999). For instance, Beuschel et al. (2019) showed that MBC increased from 52 % in the middle of the crop area to 81% in the tree row. Similarly, Luo et al. (2022) observed a gradual increase in the MBC from 365 mg C kg-1 soil in the middle of the alley to 572 mg C kg-1 soil in the tree rows. Conversely, studies conducted in older SAFs have reported opposite trends (Bambrick et al., 2010), often attributed to the sensitivity of microbial populations to climatic conditions, tree species, and the stand age. According to Beule et al. (2020), N-fixing bacteria are more abundant in tree rows than in the alley and/or than in monoculture-croplands whereas ammonia-oxidizing bacteria show the opposite pattern. The dominant bacterial taxa often reported in SAFs include Arthrobacter, Acidobacteria_Gp16, Burkholderia, Rhodanobacter, and Rhizobium, Firmicutes, and Verrucomicrobia (Beule et al., 2022b) while Acidobacteria, Actinobacteria, and Alpha-proteobacteria are dominant or subdominant phyla in monoculture croplands. Regarding fungi, the two major groups reported in SAFs are Ascomycota, which represent the majority of the fungal population (87.3 ± 9.6%) and provide protection against bacteria, insect pests, and nematodes, followed by Basidiomycota (8.3 ± 9.6%) and Mortierellomycota (3.3 ± 2.5%) (Beule et al., 2022b; Beule and Karlovsky, 2021a). Observations in a recently established SAFs in Germany indicated that, three years post tree planting, total fungal biomass in the tree row remained unchanged, whereas fungal diversity increased (Beule and Karlovsky, 2021a).
Regarding the fungi-to-bacteria ratio, it was reported to vary with sampling location and period (Seiter et al., 1999). Several studies evidenced an increase in this ratio moving from crop alleys toward tree rows in SAFs (Beuschel et al., 2019; Sun et al., 2018). In forest ecosystems, this ratio positively correlates with tree root exudation and soil net N mineralization rates (Sun et al., 2021; Yin et al., 2014). However, comparable data for SAFs remain scarce, highlighting a critical knowledge gap in understanding microbial interactions within these systems.
Regarding AMF, our meta-analyses revealed a significant positive effect of alley cropping systems on their abundance (effect size = 0.96; 95% CI = [0.05–1.87]; p = 0.04; N = 20; n = 2) (Figure 2). Data on hedgerows were lacking, and due to the very limited available data, spatio-temporal meta-analyses were not possible (Table 1). Studies on rhizospheric fungi, show that trees in SAFs attract their mycorrhizal partners (Battie-Laclau et al., 2020). Through rhizodeposition, tree roots may transfer a part of their photosynthates to these fungi. A positive effect of trees on AMF abundance was observed in temperate SAFs (Bainard et al., 2011; Chifflot et al., 2009; Lacombe et al., 2009) especially in WE (Battie-Laclau et al., 2020; Guillot et al., 2021; Olejniczak, 2007). The critical role of mycorrhizal fungi in nutrient acquisition is well established (Barea et al., 2005; Van Der Heijden et al., 1998). However, the effect of trees on the abundance, diversity and activity of mycorrhizal communities in SAFs is still poorly understood (Bainard et al., 2011), especially in WE. Some studies have provided evidence for the capacity of these symbiotic associations to facilitate nutrient transfer between trees and crops, and vice versa (van Tuinen et al., 2020).

4.4. Impact of silvoarable agroforestry systems on soil microbial activities

Based on our meta-analyses, no significant effects of SAFs were detected on soil basal respiration, PNM, metabolic quotient, or enzymatic activities in the 0–30 cm soil layer (Figure 2). Data on these soil health indicators were particularly scarce for hedgerows (Table 1). Moreover, due to the limited availability of studies, further meta-analyses incorporating stand age and distance from the tree row as moderators were not conducted, as the results would lack statistical robustness (Table 1). Nevertheless, tree-induced effects on soil microbial activities in SAFs were expected, likely driven (i) by increased plant diversity (Zak et al., 2003) and SOM content within tree rows, and (ii) by root processes such as nutrient uptake, exudation, and turnover. Root exudates were shown to regulate microbial decomposition of SOM and influence mineral N availability in the rhizosphere (Cheng et al., 2014). By providing labile C, exudates stimulate the growth and activity of rhizosphere microbial communities, which subsequently produce extracellular N-degrading enzymes (Craine et al., 2007; Sun et al., 2021). Several studies reported positive correlations between exudation rates, soil microbial biomass, enzyme activity, and net N mineralization (Bengtson et al., 2012; Yin et al., 2014). Yin et al. (2014) showed that changes in microbial N cycling induced by root exudates may account for up to 18% of the total soil net N mineralization. Some studies have also reported inhibitory effects of trees on microbial activity. For example, González et al. (1995) observed a reduction in the activity of nitrifying microorganisms in the rhizosphere of alder. Similarly, using tea bag assays, O’Connor et al. (2024) reported lower decomposition of recalcitrant rooibos tea at 100 cm depth in SAFs compared to crop control plots, suggesting root-mediated control of SOM decomposition by trees in SAFs. Andrianarisoa et al. (2016) found no difference in PNM down to 2 m in SAFs versus controls, attributing this to young stands and to the lack of difference in SOM content. Due to the limited number of available studies, our meta-analyses could not provide conclusive insights into the effects of SAFs on these indicators of soil biological health. This highlights a significant knowledge gap and underscores the need for further research to better integrate microbial activity into the assessment of soil biological health.

5. Silvoarable agroforestry systems and soil biological health in WE: future challenges

Our meta-analyses revealed a general significant positive effect of SAFs on soil biological health indicators, with effect size increasing with stand age and decreasing with distance from the tree row (Figure 2). This significant positive impact was most pronounced in the upper (0–30 cm) and mid (30–60 cm) soil layers, becoming non-significant beyond 60 cm depth. While data on SOM, soil macrofauna, and alley cropping systems were well represented in our dataset, information on soil mesofauna and overall microbial activities was scarce, highlighting critical knowledge gaps in these indicators. Among the soil parameters commonly used to characterize soil biological health, microbial biomass and activity are widely employed. Many studies in arable lands and forest ecosystems showed that root exudates from trees or crops can either stimulate or inhibit microbial activities. However, we found no studies specifically investigating changes in rhizosphere microbial populations and the subsequent microbially mediated processes in temperate SAFs, especially in zones where roots of trees, crops and herbaceous vegetation coexist. 
About 86% of observations on soil biological health were conducted within the top 30 cm of the soil profile (Figure 4), reflecting a prevailing assumption that this layer sufficiently represents soil biological health. Biological activity measurements were consistently focused on the upper soil layers, which are richer in SOM, well aerated, and experience suitable temperatures during the appropriate seasons. However, trees in SAFs are known to develop deep fine roots due to the cohabitation with crops (Andrianarisoa et al., 2016, Mulia and Dupraz, 2006; Cardinael et al. 2015b, and O’Connor et al., 2023), indicating that deeper soil layers may also be significantly influenced by tree root activity. The effects of trees on soil biological health indicators measurable at depth—such as soil-feeding macrofauna, microbial community structure, biomass, diversity, and activity—remain currently poorly understood. However, some authors evidenced that the stimulation of microbial communities by trees in SAFs is stronger in the subsoil than in the topsoil, likely reflecting greater resource scarcity in deeper layers (Beule et al., 2022a). Interest in deep soil layers within SAFs has consequently increased. Recently, interest in carbon sequestration in deep soil layers of SAFs has also increased, driven by the potential role of roots in climate change mitigation. However, the relevance of soil biological health at these depths—and its implications for agricultural productivity, environmental sustainability, and societal concerns—remains uncertain. Despite this uncertainty, biological processes in deeper soil layers may play crucial roles in nutrient cycling, water retention, and carbon storage. This underscores a significant knowledge gap that warrants further investigation.
Interestingly, very few studies on coniferous association in European temperate SAFs are available in the literature. We only noticed the presence of pine trees within multispecific hedgerows in the studies of Olejniczak (2007, 2004). This could be explained by several factors: (1) conifers, such as pines and spruces, generally exhibit slower growth rates and longer rotation periods, making them less attractive for agroforestry systems that aim for quicker economic returns (Böhm et al., 2014), (2) many conifers produce dense shade, reducing understory light availability, and generate acidic litter, which limits their compatibility with crops (Böhm et al., 2014), (3) agroforestry research has historically prioritized maximizing crop yield and soil fertility, objectives better aligned with deciduous species that are leafless in winter (allowing greater light penetration), provide frequent biomass or pruning products, and, for some species, are capable of fixing atmospheric N (Castle et al., 2022).
Our dataset also revealed a lack of investigations on young SAFs (≤ 4 years old, Table 1) and other types of SAFs such as riparian buffers, intercropped orchards, forest farming and improved fallows in WE. A lot of investigations are ongoing about modern alley cropping systems whereas it is a relatively new SAFs in WE compared to others. The effect of trees during the first year of planting was less investigated as it was often considered negligible and insignificant. However some recent studies (Clivot et al., 2020) showed early modifications of soil biological activities. Some authors detected differences in the community composition of soil fungi in the tree row compared to arable land as early as six months after converting monoculture cropland to SAFs (Beule and Karlovsky, 2021a).
From this review, we found very few studies that aggregated soil biological health indicators into a comprehensive soil quality index and applied it to assess the effects of trees on soil biological health in SAFs. Some authors calculated a soil quality index (SQI) integrating physical, chemical and biological soil parameters and showed that after 21 years of SAFs practice, the SQI of the entire alley cropping plot significantly increased compared to that of the monocropping plot (Guillot et al., 2021). Mettauer et al. (2023) applied an integrative method based on soil biological activity (Biofunctool®; Thoumazeau et al., 2019) and calculated a soil health indexes 1.6 times higher in the tree row compared to the crop alley, especially due to the enhanced soil structure maintenance. However, a universal indicator of soil biological health remains lacking in the literature. Given the high number of parameters used to characterize soil biological health, further work is needed to consolidate them into a comprehensive index potentially as aggregate scores. Such indices should ideally be integrated with physical and chemical indicators to provide a holistic assessment of soil health, as already initiated by the Biofunctool® approach.
During this bibliographical analysis, we did not find crop or tree yield used as an indicator of soil biological health even though, beyond environmental preservation and societal acceptance, soil remains the primary tool for farmers to feed the world. According to the Ptolemaic vision of agriculture, yield performance was the central focus, and all developed practices (e.g., chemical phytosanitary products, fertilizers and breeding) aimed to maximize it, regardless of soil degradation or exhaustion (Bucaille, 2020). In contrast, a new Copernican vision places soil at the heart of agricultural systems, where yield is no longer the main objective but rather maintaining living and healthy soils should is seen as the foundation for sustainable production. Therefore, crop and tree yield cannot be considered solely as indicators of soil biological health, but soils with higher biological health could ensure sustainable agricultural production and yield maintenance.
Finally, microbial symbioses such as mycorrhization and N fixation from rhizobial bacteria are considered as promising strategies to improve plant nutrition and/or protection in low-input agroecosystems. However, research on the effect of trees on the development of mycorrhizal associations in temperate European agroecosystems remains scarce, as does knowledge about the magnitude of nutrient transfer between crops and trees.

Conclusions

In conclusion, this bibliographic synthesis and meta-analysis confirmed the significant positive effect of SAFs on soil biological health indicators. The effects progressively increased with stand age and decreased with the distance from the tree rows. Through both their above- and belowground components, trees in SAFs enhance SOM particularly in the tree row area and promote the abundance of beneficial soil organisms such as earthworms, litter-feeding macrofauna and arbuscular mycorrhizal fungi. Due to limited availability of data, our meta-analyses could not draw firm conclusion about the effects of SAFs on soil mesofauna and microbial activities or in young stand and in deep soil layers. These gaps highlight important avenues for future research in WE. Furthermore, the wide diversity of soil biological health indicators calls for the development of integrative indices that can synthesize multiple parameters into aggregate scores. Such tools—already initiated by some researchers—would allow for more meaningful comparisons across different management systems. Finally, while this study focused on the effects of SAFs on soil biological health and associated indicators, further research is needed to better quantify the ecosystem services supported by improved soil biological health in SAFs. These include, for example, the potential reduction in fertilizer inputs due to enhanced nutrient cycling, deeper nutrient capture by tree roots, and plant–microbe interactions throughout the tree growth cycle. Data are still lacking on the contribution of N-fixing trees to atmospheric N fixation and their role in reducing synthetic N use in temperate European SAFs. Similarly, more studies should address the role of soil biota in pest and disease suppression, the optimal design of tree–crop associations for biocontrol, and how such systems can reduce the need for phytosanitary products. Understanding biodiversity–function relationships in SAFs remains limited but could guide future designs that leverage tree–soil biota interactions for natural pest control (Barrios et al., 2012). Lastly, the water-saving potential of SAFs through improved water-use efficiency is still poorly documented, despite its growing importance in the face of climate change.
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