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[bookmark: _Toc88316499]Introduction
Soil compaction is a growing and widespread problem in agriculture throughout the world2–6 and its causes and effects have long been known7. It can be defined as a bringing of soil particles closer together, resulting in an increase in bulk density of the soil and a decrease in soil porosity, usually due to vibration, tillage, or applied loads8–12. 
This reduces water infiltration, aeration, root growth, and hydraulic conductivity9–14. These effects can increase surface runoff, soil erosion, and denitrification, harm soil ecosystems, and reduce plant health and growth3,14–19.
The literature on the negative impacts of tillage, lack of vegetation, and heavy machinery on soil compaction and general soil quality is already vast and incontrovertible2–36, 39, 44, 58–64, 69–71. This literature review therefore focuses on soil compaction prevention and remediation strategies. It gives particular attention to the potential effectiveness of continuous vegetation cover from Multifunctional Woody Polycultures (MWPs) in preventing and remediating soil compaction.
[bookmark: _Toc88316500]Causes, Effects, and Quantification of Soil Compaction
[bookmark: _Toc88316501]Causes and Effects
Before examining how to repair soil compaction, it is first important to understand its causes and effects. Compacted surface and subsurface layers, often called pans, exist in many agricultural soils, both due to the soil structure-destroying effects of tillage as well as the compressive impact of heavy farm equipment and livestock8–12,20,21. Rain can cause surface compaction as well – also known as crusting – on soils lacking vegetation or mulch22,23.
Wet soils and soils high in clay and low in organic matter are especially suspectable to compaction, and the heavier and more frequent compressive forcers are, the deeper compaction penetrates and the harder it is to rectify. Further, once tillage has disturbed soil structure, the soil becomes more susceptible to recompaction than soil that has not been tilled24.
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Figure 1 - Left: A plow inverts soil while burying residues and creating bare soil. Right: Tomato seedlings are planted directly into mulch from a cover crop with no soil inversion and little disturbance, greatly reducing soil compaction potential25.

One of the primary characteristics of compacted soil is increased bulk density. Bulk density refers to the ratio of pores to solid material in a unit of soil and is a key indicator of soil compaction14. Compression creates a downward force that destroys soil structure, decreasing porosity by reducing the number, size, and continuity of pores, which negatively affects the distribution of both air and water13. Tillage also destroys soil structure, likewise creating an increase in bulk density and a decrease in soil porosity3,10–13,26.
This, in turn, leads to poor soil aeration, impairing the function of plant roots6,27 and the microbiome16 and causing a buildup of toxic gases and root exudates, which is not conducive to plant health25. This lack of soil structure and pore space for water also coincides with decreased infiltration, permeability, hydraulic conductivity, and poor water uptake by plants, as water cannot as easily penetrate and move through compacted soils.18 As a result of decreased water infiltration, there is also increased runoff, and thus erosion3,23. These water-related issues can also lead to desertification in certain climates20.
Low oxygen and water volumes in the soil or waterlogging in compacted fine-textured soils can then lead to poor conditions for soil microorganisms and other soil life important for plant health16. The potential anaerobic conditions can also increase soil denitrification processes. This, in turn, can lead to poor plant nitrogen availability28, increased fertilizer use, and higher costs for farmers5.
Roots also have difficulty penetrating compacted soil and their growth is further restricted by a hormonal response to an accumulation of ethylene caused by decreased gas diffusion in low-porosity soils29.
Root growth, along with general plant health and growth is negatively impacted by all the above factors. Recovery depends on whether compaction affects the topsoil or subsoil. As Stoessel et al. note in their 2018 assessment of the environmental impacts of soil compaction, “compaction in topsoil is classified as reversible in the short term (approximately four years), while recovery of subsoil layers takes much longer”24.
[bookmark: _Toc88316502]Soil Compaction Quantification
Before endeavouring to repair soil compaction one should first discover the degree of compaction using any of several available assessment techniques. These include visual and tactile inspection in the field, examination of root systems, predictive computer modelling, bulk density measurement, soil strength, cone penetration resistance with penetrometers, and use of sensors3.
As noted in a 2009 soil compaction and management review by Batey, however, data obtained from some field measurements may be misleading3. For example, soils with a coarse prismatic structure may still have sufficient pathways for roots and water via shrinkage fissures even though they have high penetration resistance. Such measurements must therefore coincide with an examination of the soil profile to get a true picture of soil compaction effects on plant growth. Criteria used in the field to assess compaction include waterlogging, soil strength, visible porosity, soil structure changes, colour of soil, soil moisture, and root distribution. As noted by Batey (2009), comparing potentially compacted soil with nearby uncompacted soil, such as soil beside a fence or within a treeline, provides a local baseline for identifying changes caused by compaction3.

[bookmark: _Toc88316503]Soil Compaction Control and Remediation Using Multifunctional Woody Polycultures
Before exploring how MWPs can prevent and remediate compaction, it is necessary to review the main prevention and remediation strategies.
[bookmark: _Toc88316504]Basic Strategies
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Description automatically generated]Figure 2 – The narrower the tire, the more it sinks and the deeper the compaction.25


Common and well-substantiated soil compaction prevention and remediation strategies include:
· [bookmark: _Hlk87711103]Use twin-tires and wide-tire machinery with reduced tire pressure if machinery use cannot be avoided26.
· If plowing, plow out of the existing furrows to avoid subsoil plow pans30.
· Use conservation tillage practices: this includes no-till, as no till soils are more resilient to compression by heavy machinery and this avoids destruction of soil structure and thus increased bulk density and decreased porosity31. At the very least, minimal tillage should be done, especially avoiding tilling when the soil is wet and avoiding multiple passes of machinery24. 
· Preserve crop residues and use mulch: as Gabriel et al. (2021) note, even bare soil becomes resistant to compaction with reduced tillage, but crop residues left on the soil surface help reduce compaction even more32. Other forms of mulch such as straw also help mitigate compaction33.
· Add organic matter: enriching the soil with organic matter will improve structure, make the soil more resistant to compaction, and repair existing compaction. It does this by making soil aggregates more stable and creating soil properties similar to a sponge that help the soil bounce back from compression26,34.
· Cover crops and vegetation cover: ensuring that the soil is continuously covered with vegetation, such as by using cover crops, and especially tap-rooted plants, both prevents compaction and breaks up existing compaction layers23,27,32,35–37.
· Subsoil ripping: Prior to implementing no till or reduced tillage systems, subsoil plowing with a chisel plow or other type of subsoiler can help to loosen existing compaction layers38. Subsoiling typically brakes up compaction layers at between 30 to 40 centimeters, increasing aeration and water infiltration. However, effects may be temporary if machinery traffic continues as normal afterwards27. Additionally, the soil should be covered afterwards with mulch or cover crops to avoid erosion25.
· Control traffic: avoid traffic during wet soil conditions and use only permanent lanes for traffic to minimize compressive forces on the soil39.
The literature on the above mitigation and remediation strategies is broad. This review next examines how permanent vegetation cover in MWP systems can combine several of these strategies to prevent and repair soil compaction.
[bookmark: _Toc88316505]Multifunctional Woody Polyculture Systems
Multifunctional Woody Polyculture systems herein refer to plantings of two or more species, at least one of which is a woody perennial. These species are selected to maximize beneficial ecological and productivity effects, minimize competition, and usually support ease of harvesting.40
MWPs are interesting because they can accommodate all the above soil compaction mitigation and remediation strategies while remaining productive. Specifically, MWPs lend themselves to no-till permanent cropping with permanent paths and roads31,39. They can integrate tap-rooted plants27,35–37,42–46, produce their own mulch56, include ground covers42–46, maintain permanent, diverse vegetation on the soil and prevent bare soil23, reduce the need for vehicle traffic31,39, and build organic matter and optimal soil structure34. Further, economically viable crops such as a variety of nuts, fruit, and grains can be utilized40,41,52.
Lovell et al. (2018) describe MWPs as multispecies systems arranged in layers that resemble natural woody plant communities. By occupying different canopy and rooting niches, these systems can use light, nutrients, and water efficiently while maintaining productivity and other ecosystem services41.
Importantly, as mentioned, MWPs lend themselves to no-till farming and permanent roads and paths, since the crops themselves are relatively permanent and can easily be designed around as long-term landscape features. Rather than tilling for weed control, weeds are suppressed naturally by cover crops such as clover, alfalfa, and other legumes, perennial grasses, or other perennial groundcovers, while soil structure is simultaneously improved and compaction reversed, especially when tap-rooted species are incorporated27,35–37,42–46. 
Avoiding tillage and widespread machinery traffic not only has beneficial effects on limiting soil compaction, but it also opens up the possibility of keeping continuous vegetation coverage on the soil in the form of woody and non-woody perennials, including the aforementioned cover crops, as well as additional production crops with tap roots such as walnuts47,48, pecans49, hickories50, persimmons51, and many others52. Perennials typically allocate more resources to deeper root growth than annuals53,54, theoretically allowing them to break up deeper compaction layers. Keeping vegetation permanently covering soil also prevents bare soil. Bare soil is vulnerable to erosion, which can reduce soil organic matter and transport nutrients and soil biota23. In other words, bare soil encourages compaction.
In perennial no-till systems heavy machinery use can also be reduced, since ploughing is not needed and fertilizer and pesticide applications may also be reduced, while harvesting equipment such as combines or straddle harvesters can be relegated to alleys between woody perennials or to established pathways.
Another key compaction prevention strategy is to grow a variety of different plants in a cropping system (i.e. polycultures) instead of relying on single species monocultures. Although little data exists on woody polycultures and soil compaction, it has been shown that diverse crop rotations involving annuals lead to less soil compaction than monoculture systems55.
MWPs can also include fast-growing woody or herbaceous plants that are cut and left on the soil surface as mulch, as in Inga alley cropping56. This is a key consideration in MWP design because mulch can reduce soil compaction33 and contribute organic matter to the soil35.
Although there has been little research comparing perennial agriculture to annual agriculture in general, there are some studies that can illuminate the question of whether perennial vegetation is more effective than annual vegetation at preventing and remediating compaction. We can also examine available literature on soil quality factors related to compaction in cultivated agricultural soils and compare them to forest and other natural ecosystem soils to glean additional insights.
One such 2018 study by Bhavya et al. found that, compared to tillage based annual vegetable and herb plots, mango and cashew orchards in the same vicinity with the same soil type had significantly lower bulk density, and much higher organic matter and porosity. The authors noted that this was due to the ongoing contributions of organic matter by permanent perennial crops, which has beneficial effects on soil aggregates and reduces soil bulk density. Meanwhile, as they note, annual-based cropping systems that involve tillage cause the breakdown of soil aggregates, increasing the bulk density of the soil58.
Other studies have also shown the benefits of perennial and perennial woody plants compared to annual cropping systems on soil structure (including aggregate size and stability), organic matter content, porosity, and bulk density – all key measures of the level of compaction of a soil25:
· A 2007 study comparing forest soil to nearby cultivated land in Pakistan showed significant structural deterioration of the cultivated land, with a 13% higher bulk density and a 12% lower porosity59.
· A 2015 study comparing perennial vegetation to an annual tillage system in Brazil found that conventional tillage significantly reduced aggregate stability and soil organic matter content compared to both an adjacent forest and a coffee tree plantation60. 
· A 2000 study comparing porosity, bulk density, and organic matter of conventional annual agricultural land, native forest, palm oil/cocoyam plantations, and grassland in a region of Nigeria found that the agricultural land had significant structural degradation. Porosity, bulk density, and organic matter indicators were similar in forests and grasslands, and significantly better in palm oil/cocoyam plantations compared to the agricultural land.
· A 2002 study in the Midwestern United States showed that water infiltration was five times higher under multi-species woody plantings buffering riparian zones compared to adjacent pasture and cultivated fields. Bulk densities under multi-species buffers were also significantly lower61.
· A 2005 study in Turkey showed similar destruction of soil aggregates, a decrease of organic matter by 49%, and an increase in bulk density of tillage-based agricultural soils compared to adjacent forest and perennial pasture lands62.
· Further studies in Iran in 2008 and 2018 confirm the above benefits of perennial vegetation cover on soil compaction attributes63,64.
The question of whether human-designed perennial polycultures can have similar beneficial impacts compared to natural vegetation cover on soil compaction has also been asked:
	Study and location
	Comparison
	Compaction-related finding

	Chowdhury et al., Bangladesh (2019)
	Agroforestry plots compared with reforestation plots
	Soil organic matter was higher in the agroforestry plots, but bulk density was also higher because of heavy machinery use65.

	Berish and Ewel, Costa Rica (1988)
	Human-designed woody polycultures compared with native forests
	Fine-root mass was comparable to that of native forests, implying similar organic matter contributions; roots also help prevent and remediate compaction66.

	Udawatta et al., Midwestern United States (2008)
	Agroforestry strips compared with an adjacent annual corn-and-soy rotation
	Pore connectivity was three to five times greater, and aggregate stability was also significantly greater in the agroforestry strips67,68.

	Basche and DeLonge (2019)
	No-till, crop rotation, livestock systems, cover crops, and perennial systems
	Grass, agroforestry, and managed forest systems with perennial plants had the highest infiltration rates, implying significantly less compaction69.

	Ohio bioenergy crop study (2021)
	Perennial biofuel crops compared with annual bioenergy crops
	Perennial crops improved aggregate stability, reduced bulk density, and had 41% higher organic matter70.

	German bioenergy crop study
	Perennial crops compared with annual crops
	Perennial crops had 65% higher aggregate stability71.


The evidence reviewed in the above table indicates that MWPs can promote soil health and prevent or remediate compaction. The next question is whether these systems are as productive as annual cropping systems. If they are not, there is little incentive for farmers to implement them. Although there have been few studies demonstrating yield comparisons between conventional annual cropping systems and MWPs, what little research is available is encouraging.
One such example is an experimental agroforestry site in Montepellier, France, which has demonstrated that its 100 ha MWP alley cropping system can produce as much as a conventional farm of between 130 to 160 ha41. A predictive model by Lovell et al. (2018), based on available data, also indicates that a perennial polyculture may produce higher yields than a conventional corn- and soy-based annual system41,72.[image: Chart
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Figure 3 - A theoretical model developed by Lovell et al. is useful for exploring the question of MWP productivity and understanding potential changing yields over time41,72.

Much more research on demonstration sites across the planet is needed to compare the yields of conventional annual systems and MWPs and to better quantify their ecological benefits, including their benefits related to soil compaction – as well as to demonstrate how to design and implement them in a variety of climates and contexts. Indeed, surveys and studies have shown that one of the largest barriers for landowners in implementing diverse, conservation-oriented agricultural systems is lack of information and their conceptions of economic risk factors. Other major factors include lack of funding and support to convert to such systems, the well-entrenched annual-based system supported by large government subsidies and existing policies73–76, lack of support from peers and family76,77, and lack of established markets for some crops40.
[bookmark: _Toc88316506]Conclusion
MWPs show significant promise in preventing and mitigating soil compaction in agriculture by addressing multiple related aspects of soil health. As highlighted in this literature review, the perennial plants that are part of MWPs have high organic matter creating potential, deeper roots, and the potential for creating balanced ecologies that mimic or incorporate natural ecosystem benefits that enhance soil compaction attributes. 
Well and Brady (2017) explain that perennial vegetation creates stable networks of biopores, whereas tillage for annual crop production destroys these pores and disconnects them from the soil surface25. From soil aggregate stability to bulk density, porosity, and soil microbiome health, MWPs naturally create ideal soil conditions, possibly only being surpassed by native ecosystems in their ability to address issues of soil compaction. 
Despite the economic and social hurdles of bringing MWP crops to market, the ecological benefits, including mitigating and repairing compaction, cannot be ignored. However, to demonstrate these and other ecological benefits and the economic viability of MWPs, long-term farm-based experiments must be carried out to better understand MWPs, since, as Lovell et al. (2018) note, growers must first see other successful, functioning systems for guidance and inspiration41.
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