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Abstract

:

In the tropics, anthropogenic activities can lead to water and wind erosion, a loss of biodiversity, and a reduction in sequestered carbon, fertility, and organic matter content in the soils concerned, potentially resulting in their degradation. This study therefore aims to identify the mechanisms used by plant species to restore degraded tropical soils and plant species characteristics that are best suited to achieve this through a critical scoping review of the peer-reviewed literature. Soil restoration leads to the re-establishment of ecosystem services and an increase in soil production potential, the regeneration of biodiversity, the stopping of organic matter losses, and the creation of favorable conditions for carbon sequestration and nitrogen fixation. The choice of appropriate plant species depends on the restoration objectives to be achieved. Five key mechanisms by which plant species contribute to restore degraded tropical soils include: (1) nitrogen fixation, (2) carbon sequestration, (3) organic matter addition, (4) structure stabilization, and (5) erosion control. The main characteristics of plant species and vegetation involved in these mechanisms are (a) the capacity to form symbiotic associations with N-fixing bacteria and mycorrhizae, (b) the production of abundant root biomass releasing litter and exudates, (c) roots having a high length density, branching intensity, and depth distribution, (d) the production of an abundant and easily decomposed above ground litter, (e) the production of a vast canopy, and (f) the presence of different vegetation strata. Targeting these characteristics will contribute to acting on several mechanisms simultaneously, which will increase the chance of success in tropical soil restoration.
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1. Introduction


The world’s population is constantly growing. Estimates put the number of inhabitants at over 8.05 billion in 2023, with a projection of 9.70 billion in 2050 and 10.35 billion in 2100 [1,2]. This population growth is associated with an increased pressure on natural resources such as water and soil [3]. Indeed, soil is increasingly solicited for multiple crops to achieve food self-sufficiency. This pressure on soil opens the debate on the renewable nature of soils. Girgenti et al. [4] argue that soils are non-renewable, while several other studies show that soils can indeed be renewed in quantity and quality through agroecology and conventional options [5,6]. Soils have been described as the bedrock of life on earth [7] and are derived from the degradation of the parent rock through physical, chemical, and biological processes [8]. It is the primary resource on which life develops worldwide [9] and is a diversified and structured habitat where several resources such as water, carbon (C), nitrogen (N), and organic matter are stored [9,10]. However, soils are variable and require a great deal of effort, complex analysis, and multidisciplinary knowledge [11] to understand the processes leading to their formation, functioning, and degradation.



Soil quality can be defined as the capacity of a soil to host and provide ecosystem services [9,12,13]. Soil is said to be healthy when it can withstand stress and disturbance, recycle nutrients, transform organic matter, and support microbial life [14,15]. To assess the quality or health of a soil, we need to focus on (i) physical properties such as the stability of its structure and its level of compaction, porosity, and infiltration capacity, (ii) chemical properties such as pH and its concentrations of nutrients (particularly N), and (iii) biological properties such as root growth, biodiversity, and organic matter and C content [9]. Healthy soils perform several ecosystem services such as (1) the retention, filtration, and purification of water, (2) the production of biomass and food for humans and animals, (3) the provision of habitat for organisms and the conservation of biodiversity, (4) the regulation of climate at local and global scales, (5) the recycling of nutrients, and (6) the provision of a stable physical support for plant species [9,16,17,18]. Unfortunately, soil health can deteriorate either due to anthropogenic reasons, and is therefore linked to human activities, or due to natural causes, and is therefore linked to climate change and other related factors [9,19]. Demographic pressure leads to the intensive exploitation of soils, resulting in their degradation characterized by wind and water erosion, pollution, a loss of biodiversity and organic carbon, and a loss of macro (N, P, K) and micronutrients (Zn, Cu, Mo), as well as increased toxicity in certain elements (Al, Mn, Fe) [16]. Soil degradation causes a reduction in expected ecosystem services and leads to a decline in soil quality and productivity [9,20,21].



The tropical zone extends on either side of the equator, between the Tropic of Cancer (23°27′ north latitude) and the Tropic of Capricorn (23°27′ south latitude); it covers 45% of the world’s forest area and around 8.2 billion hectares, or around 40% of the planet’s land [17]. Due to various human activities such as deforestation and extensive agriculture, soil in the tropical zone is subject to degradation. A strong correlation between soil degradation and forest loss in the Congo Basin has been observed [19]. However, soil is of vital importance for agriculture and the environment. Hence, it is imperative to have more arable soil to produce more food. It would therefore be expedient to develop alternative ways of restoring degraded tropical soils. The remediation of these soils will make it possible to regain more arable land, limit deforestation, and protect soils and forests threatened by overexploitation. The restoration of degraded tropical soils involves stopping existing degradation processes and restoring the soil’s physiochemical characteristics [16,17,22]. Several soil restoration methods and strategies are described in the literature. One of these is phytoremediation, which involves using plants and soil microbes to obtain the twin objectives of a reduced concentration of toxic contaminants and to restore soil quantity and quality [17,23]. In this study, the term phytoremediation is used in the context of restoring soil quantity and quality. From an etymological point of view, “phyto” means “plant” in Greek and “remedium” means “restore balance” in Latin. Indeed, the cultivation of plant species promotes soil restoration [17,24,25,26,27,28] by providing organic matter and making them more fertile [29].



Currently, there are no critical reviews that examine the potential of plants in restoring tropical soils. The current studies that exist are individual based studies that focus on phytoremediation [30,31,32] without examining the actual characteristics of the plants concerned. This work is original and offers a major contribution in that it goes beyond by bringing together a critical perspective of the knowledge scattered in several studies. This literature review aims to respond to the following question: “What are the mechanisms used by plant species to restore degraded tropical soils, and which plant species characteristics are best suited to achieving this?” To this end, we will first define the key words used in this work, then provide an overview of the mechanisms used and the characteristics of species involved in the restoration of degraded tropical soils and give examples of plant species that contribute to achieving this goal.




2. Methodology


Our approach was inspired by the guidelines given to perform systematics reviews, which is a scientific method that combines the results of several independent studies on a well-defined problem to perform a rigorous secondary analysis of the primary results [33,34,35]. Our approach was inspired by the PRISMA statement [36]. However, our work is not a systemic review as we did not follow point-by-point the 27-item checklist recommended [36]. This work is a critical scoping review that synthesizes key trends on the use of plant species for the restoration of degraded tropical soils. Firstly, we based our review on a clearly formulated question. Next, we specified explicit methods and criteria for the inclusion or exclusion of articles for our critical scoping review (see Table 1).



The type of literature used was solely peer-reviewed; gray and non-reviewed literature was omitted since we considered it as non-standardized knowledge. The present study is based on data collected from the French and English scientific literature documenting the restoration of degraded tropical soils. The search terms we used were “plant species characteristics”, “tropical soil degradation”, “tropical soil restoration”, and “tropical soil restoration mechanisms”. We focused on soils of the tropical zone; according to Michéli et al. [37], there are eight major soil groups found in tropical environments (see Table 2). We focused on articles published over the last 30 years, i.e., between 1993 and 2023. The articles were acquired using Scopus and Google Scholar search engines since they provide easy access to the primary literature on the topics of interest. Several potentially relevant publications were selected from the initial search and duplicates were removed after importing the articles into the EndNote software. Overall, a total of 160 references were used. A schematic representation of our approach is presented in Figure 1.




3. Results and Discussion


3.1. Tropical Soil Degradation and Importance of Their Restoration


In the tropics, physical soil degradation takes the form of desertification, compaction, runoff, and erosion [61], chemical soil degradation leads to acidification, salinization, leaching, and pollution [9,61], and biological soil degradation results in the loss of biodiversity, organic matter, and the capacity to sequester C and fix N [9,14,21]. Anthropogenic activities such as excessive tillage, deforestation, biomass burning, compaction, and overexploitation are the main causes of tropical soil degradation [62,63]. Lal [9] and Lahmar and Ruellan [22] state that soil resilience is the ability of a soil to restructure, regenerate, and provide ecosystem services after anthropogenic or natural disturbances. Restoring degraded tropical soils involves rebuilding soil structure and the ecological processes associated with it. This involves restoring the soil’s production potential, renewing biodiversity, stopping organic matter losses, creating conditions that are favorable for C sequestration and N fixation [9,22], and improving soil aggregation and structural stability [64]. Most of the food produced to feed human beings in the tropics and elsewhere comes from the soil. The absence or deficit of cultivable soil will immediately translate into famine. To avoid this, it is important, if not essential, to examine and put into practice all possible methods of restoring degraded tropical soils. Restoring degraded tropical soils is a global priority to increase food security and regulate the climate globally [65].




3.2. Involving Plants in the Restoration of Degraded Tropical Soils


In this study, five major mechanisms by which plant species can contribute to restoring degraded tropical soils were identified (Figure 2 and Table 3). These are nitrogen fixation, carbon sequestration, organic matter addition, soil structure stabilization, and wind–water erosion control. These mechanisms will be described, followed by examples of plant species that promote them, and then the characteristics of the targeted plant species will be highlighted. Thereafter, the limits associated with each mechanism will be discussed.




3.3. Nitrogen Fixation to Restore Degraded Tropical Soils


3.3.1. Mechanisms of Nitrogen Fixation by Plant Species


Some plant species develop symbiotic mechanisms for fixing atmospheric N in the soil, thereby helping to regenerate soil fertility and improve crop yields [66]. According to Duponnois et al. [67], plants in the legume family (Fabaceae) are renowned for their ability to restore degraded soils by symbiotically associating with bacteria of the genus Rhizobium which can fix atmospheric N into soil N [27]. Actinorhizal plants form symbiotic associations with actinomycete bacteria of the Frankia genus [68] and are also capable of fixing atmospheric N into soil N. It is thanks to nodules located on the roots that leguminous and actinorhizal plants develop symbiotic nitrogen-fixing mechanisms [67]. In line with this mechanism, the characteristics of target plants are therefore the capacity to form nodules and the possession of symbiotic genes carried by plasmids, in accordance with the work of Benabdoun et al. [66]. The development of a tripartite symbiotic association between bacteria of the genus Rhizobium or Frankia and mycorrhizal fungi is also a feature developed by certain plant species. This association enriches the soil and improves its fertility thanks to the ability of Rhizobium and Frankia to fix atmospheric N and that of mycorrhizae to explore the soil’s superficial and deep horizons to acquire resources [69,70].




3.3.2. Examples of Nitrogen-Fixing Plant Species for Restoring Degraded Tropical Soils


Benbrahim et al. [70] affirmed in their study that Acacia species are atmospheric N-fixing plants which enrich and improve the fertility of tropical soils. A stand of Faidherbia albida with a density of 50 trees ha−1 produces litter that reintroduces into the soil each year the equivalent of 75 kg N ha−1 along with other nutrients, i.e., 12, 13, 20, 25, and 120 kg ha−1 of P, K, S, Mg, and Ca, respectively [70]. Cowpea (Vigna unguiculata) is a tropical legume capable of fixing between 32 and 89% of its N requirements [71]. The cultivation of groundnuts (Arachis hypogaea), a legume grown for human consumption, fixes 8 to 23 kg N ha−1 in the soil, thus increasing soil mineral N by 13 to 40% [72]. The results of a study carried out by Azontonde et al. [73] on the cultivation of Mucuna pruriens (var. utilis) as a cover legume crop show that this species contributes 290 kg N ha−1 to the soil, as well as 100, 240, 100, 5320, and 40 kg ha−1 of P, K, Mg, C, and Ca, respectively. Thus, M. pruriens (var. utilis) strongly favors the restoration of degraded tropical soils due to its high capacity for atmospheric N fixation and its strong limitation of erosion and runoff [73]. Dommergues [74] states that plants of the Alnus and Casuarina genera are among the actinorhizal plants with the greatest capacity to fix atmospheric N. Benabdoun et al. [66] have demonstrated that the tropical woody species Casuarina glauca is drought-resistant and makes a significant contribution to restoring degraded soils. In Egypt, the actinorhizal plants Casuarina equisetifolia, Casuarina cunninghamiana, and C. glauca have been shown to restore degraded soils; they can fix up to 116 kg N ha−1 yr−1 two years after sowing [66]. Plants of the Casuarina genus can therefore rapidly restore soil fertility. The findings of a study conducted by Coulibaly et al. [64] affirm that growing Jatropha curcas increases total nitrogen in the soil microaggregate fraction.



Altogether, these results indicate that the following plant characteristics are suitable to enrich tropical soil N concentration and contribute to their restoration: (i) being actinorhizal and leguminous plants, (ii) possessing symbiotic genes that maximize the formation of symbiotic associations with actinomycete bacteria of the Frankia genus and bacteria of the Rhizobium genus, and (iii) being capable of forming tripartite symbiotic association with mycorrhizal fungi.





3.4. Carbon Sequestration to Restore Degraded Tropical Soils


3.4.1. Carbon Sequestration Mechanisms


In this study, the focus is on biotic carbon (C) sequestration mechanisms, i.e., those linked to the biological activities of plants, fauna, and microorganisms [75,76,77,78]. Carbon sequestration can be defined as the fixation and stabilization of C in the soil in the form of organic matter over a long period, such as 50 years [79]. According to Lützow et al. [80], recalcitrance to decomposition, occlusion into micro- and macroaggregates, and organo-mineral interactions are the main mechanisms leading to organic C sequestration in soil. Lal [9] estimates that 10 to 15 g C kg−1 of soil corresponds to a minimal critical threshold of soil carbon concentration. Any practices that contribute to increasing organic C concentration above this critical threshold would help restore degraded soils [9,81]. Mycorrhizae located on the roots of plant species and roots themselves have the capacity to sequester organic carbon, stabilize soil structure, and thus restore it [82,83]. According to Cotrufo et al. [84], organic residues easily decomposed by microorganisms could lead to increased C sequestration; the microbial products of decomposition could promote aggregation and organo–mineral interactions.




3.4.2. Examples of Plant Species to Sequester C and Restore Degraded Tropical Soils


Belowground plant biomass plays an important role in the soil C sequestration process [85]. Jones et al. [77] argue that 27% of the C sequestered in the soil is derived from root mechanisms, of which 11% is contributed by rhizo deposits and 16% by root biomass. Herbaceous plants are monocotyledons that produce high root biomass [86], which would lead to significant organic C sequestration and potentially a good level of soil restoration. They also produce biomass that can be easily decomposed and consequently increase C concentration in superficial soil layers [87]. The characteristics of plant species that contribute to sequestering organic C in the soil are also closely linked to root traits of an architectural, morphological, chemical, physiological, and symbiotic nature [88,89]. According to [81], plant species producing a high root biomass with a high lignin and suberin content contribute to sequestering organic C in the soil through the mechanism of recalcitrance against decomposition and could consequently contribute to restoring degraded soils. Increased root depth distribution is also favorable for C sequestration in deep soil layers [88].



Plant species grown as cover crops such as sorghum (Sorghum bicolor L.), maize (Zea mays L.), soy (Glycine max. L.), and beans (Phaseolus vulgaris) protect the soil against degradation and sequester C [81]. Kang et al. [90], in a study carried out in Nigeria on an intercropping association of living hedges of two legume species, Gliricidia sepium and Leucaena leucocephala, obtained a 15% (i.e., 2.38 Mg C ha−1) improvement in soil organic C stocks between 0 and 25 cm depth in 12 years, compared with single crops. In Hawaii, the conversion of pasture soils to Eucalyptus plantations increased C stocks by 17.5% between 0 and 1 m soil depth after 7 years [91]. In Madagascar, coppicing Eucalyptus robusta in the highlands resulted in an increase in stored C of 38 Mg ha−1 compared with the original savannah, mainly via the stumps and root system [92]. The cultivation of Inga edulis in hedgerows in Peru by [93] also resulted in a 12% (i.e., 0.23 Mg C ha−1) increase in soil organic C over 6 years. In Brazil, a soil receiving fresh plant biomass mulch from sugarcane (Saccharum officinarum) residues for 6 years was richer in C than a soil cultivated with residue burning for 50 years, with total C content of 4.2 g kg−1 at a depth of 0–5 cm (+20%) and 3.0 g kg−1 at a depth of 0–10 cm (+15%), representing an average annual gain of 0.45 t C ha−1 yr−1 at a depth of 0–5 cm and 0.65 t C ha−1 yr−1 at a depth of 0–10 cm [94]. The study by Graham [95] in South Africa on a ferralitic clay soil cultivated with unburnt sugarcane and mulched with crop residues for 59 years concluded that soil C content increased by 12 g C kg−1 at a depth of 0–5 cm, of which only 0.5 g C kg−1 was in the light organic fraction (density < 1.7), made up mainly of coarse organic matter; most of the C was thus found in denser fractions where it was likely stabilized by organo–mineral interactions. The study conducted by [64] led to the conclusion that Jatropha curcas cultivation increases total soil organic carbon in the microaggregate fraction and can sequester an average of 1.33 g C kg−1 year−1. In India, a research station located in Patancheru concluded that growing Jatropha curcas in a 4-year plantation fixed 3.07 kg C per plant, an increase of 19% compared to adjacent grasslands [96]. The results of a study conducted in Senegal in 2017 on allometric equations and carbon stock in the biomass of Jatropha curcas L. trees revealed that plantations stored about 1200 kg C ha−1 in belowground biomass after 5 years [97].



Plant species characteristics that could promote C sequestration mechanisms and contribute to restore tropical soils are (i) abundant root production which provides litter and exudates stimulating microbial activity, (ii) the capacity to form symbiotic association with N-fixing bacteria and mycorrhizal fungi, (iii) increased depth distribution of the root system, and (iv) the production of abundant and easily decomposable litter aboveground.





3.5. Organic Matter Addition to Restore the Fertility of Degraded Tropical Soils


3.5.1. Soil Fertility and Organic Matter Addition Mechanisms


In the absence of exogenous organic amendments such as manure or compost, organic matter in the soil is contributed by the restitution of plant biomass, i.e., leaves, roots, stems, crop residues, and senescent organs [98]. It is difficult to dissociate soil fertility and organic matter; these two characteristics go hand in hand and are complementary, as they are regulated by the chemical, physical, and biological properties of the soil [99]. The mechanisms for rebuilding soil fertility rely on the mineralization of (i) fresh and decomposed organic matter [100,101], (ii) microbial products [99,102], and (iii) soil organic matter [102]. The two elements that come into play in the impact that the addition of organic matter can have on the soil are (i) the quantity of organic matter added and (ii) its chemical composition, which affects its capacity to be degraded. Several authors agree that plant biomass consisting mainly of leaves and roots helps to maintain or even increase soil organic matter and fertility [98,103].




3.5.2. Examples of Species That Provide Organic Matter to Restore Tropical Soils’ Fertility


The cultivation of perennial plants is useful for the restoration of degraded tropical soils, as they provide a permanent plant cover that can maintain soil fertility and combat erosion [104,105]. The diversity of species and mechanisms that take place in agroforestry systems, due to biological diversity and greater plant biomass productivity, increase soil fertility and organic matter, thus helping to restore degraded soils [104,106]. The cultivation of cover crops such as sorghum (Sorghum bicolor L.), maize (Zea mays L.), soya (Glycine max. L.), and beans (Phaseolus vulgaris) improves soil fertility and maintains its organic matter content [107]. In a cocoa (Theobroma cacao L.) plantation in Cameroon, aboveground plant biomass consisted of 60–70% leaves, 20–30% stems, and 7–10% flowers and fruits; the soil amended with this biomass benefited from about 1–2, 75–100, 30–75, 5–6, and 35–40 kg ha−1 an−1 of P, K, Mg, N, and Ca, respectively. The natural shade offered by the vegetation increases the percentage of moisture at the soil surface, thus promoting the decomposition of plant biomass [108]. The species Acacia mearnsii is a cultivated plant for the restoration of tropical degraded soils as it produces nearly 25,000 Mg ha−1 yr−1 of fresh leaves, providing 245 to 255 kg N ha−1 annually [70,109]. In a 14- and 34-year-old Pinus Kesiya forest plantation, Njoukam et al. [103] obtained plant biomass production of 8293 and 9867 kg ha−1 yr−1 made up of 74 and 86% leaves, respectively. Tree roots also increase organic matter, stimulate microbial activity, enhance mineral bioavailability, and improve soil fertility and quality [9,22]. Mulching crop residues and installing cover crops increases soil organic matter and stimulates earthworm activity [110]. Cultivation of Jatropha curcas to restore degraded soils in India yields around 550 g of dry leaves per plant annually added to the soil by litterfall, resulting in an increase in dry biomass of 305 kg C ha−1 year−1 [96]. This translates into an increase in soil organic matter but also an overall increase in soil fertility linked to a growth in microbial activity under Jatropha curcas [96].



Among the characteristics of plant species that promote the addition of organic matter to rebuild soil fertility are (i) the production of abundant litter on the soil surface via the fall of aerial organs, (ii) the production of abundant litter in the soil by root biomass, and (iii) the capacity of above- and belowground biomass to be decomposed to feed the soil.





3.6. Structure Stabilization to Restore Degraded Tropical Soils


3.6.1. Mechanisms of Soil Structure Stabilization by Plant Species


According to many authors, the roots of plant species influence the biotic mechanisms of aggregate formation and stabilization [88,111,112]. The mechanisms involved in soil structural stabilization are (i) the envelopment of macroaggregates by decomposition products, (ii) the production of root exudates and microbial polysaccharides that act as binding agents between soil particles and stimulate microbial activity, (iii) the entanglement by roots and hyphae that enhance particle and aggregate agglomeration, and (iv) the alignment and compression of soil particles that promote their adhesion [89,113,114]. Thanks to their aerial parts, plants attenuate the intensity of raindrops and their impact on the breakdown of soil aggregates, thereby improving soil structural stability [115,116]. Abiven et al. [117] believe that the decomposition of plant biomass promotes aggregate stability; the faster it decomposes, the better the stability of the aggregates.



Roots also have a major influence on soil aggregate and structural stability. They compress and align soil particles, produce exudates whose chemical composition influences their use by microorganisms, and affect the composition of bacterial fungal communities [118]. Root exudates rich in polymerized sugars act as a binder between solid particles, improving soil structural stability [115,119]. Root characteristics that help stabilize soil macroaggregates include high root length density and high root branching intensity [88,120,121]. Roots with a high concentration of polyphenols can react with soil proteins to form macromolecules that improve aggregate stability [88,114,122]. The combined effect of microbial activities in the mycorrhizosphere with root growth and hyphal length improves aggregate stability in the soil [123,124]. Aggregate stability is also enhanced by the decomposition of deciduous leaves falling from trees via the soil’s microbial biomass, which exudes microbial products that act as binding agents between soil particles [64,125].




3.6.2. Examples of Species That Stabilize Soil Structure to Restore Degraded Tropical Soils


Plant species capable of forming mycorrhizal associations such as Pinus halepensis, Shorea pinanga, Acacia mangium, and species from the genera Eucalyptus, particularly E. urophylla, contribute to the formation of stable aggregates and the restoration of degraded tropical soils [89]. Aggregate stability is also enhanced by high root length and mycelial hyphae density [126]. Soil aggregation and structural stability are enhanced by the hyphae of mycorrhizal fungi located on plant root systems [104,127]. The study carried out by Poirier et al. [88] in a Mediterranean climate attest that, on average, the 13 plants studied increased stable soil macroaggregates by 13% compared with bare soil. However, under the species Sanguisorba minor, the increase in soil macroaggregates reached 40%. In a study carried out in Tunisia, Annabi et al. [115] asserted that the association of wheat (Tritium sp.) and faba bean (Vicia faba) contributes strongly to the stability of soil aggregates and helps prevent water erosion. The effects were observed from the third month after sowing and continued for up to four months after harvest. The concentration of water-stable aggregates in soil amended with Lolium rigidum and Scutellospora calospora mulch increased to 84 and 143 g kg−1 soil; mulch addition resulted in 63% and 147% increases in the quantity of water-stable aggregates compared to the unamended control soils, respectively [128]. In Brazil, mulch made from fresh plant biomass of sugarcane (Saccharum officinarum) residues improved soil structural stability at a depth of 0–5 cm, with 17% more stable macroaggregates in unburnt sugarcane fields compared to burnt fields [94]. Short-term (10 weeks) pot cultivation of sorghum (Sorghum bicolor L.) significantly improved soil structural stability via inoculation with arbuscular mycorrhizal fungi [123,124]. Degraded soils under Jatropha curcas cultivation have observed an increase in macroaggregation, which promoted soil structural stability and contributed to soil restoration [64,129].



From the abovementioned results, we identified the following characteristics of plant species which can promote tropical soil structural stability and contribute to its restoration: (i) the production of abundant root litter and exudates, (ii) the capacity to form symbiotic association with mycorrhizal fungi, (iii) the production of roots having a high length density and branching intensity and an increased depth distribution, and (iv) the capacity for trees to grow in height with vast canopy and the combination of different vegetation strata to reduce the intensity of rain drops and the associated breakdown of soil aggregates.





3.7. Controlling Water and Wind Erosion to Restore Degraded Tropical Soils


3.7.1. Mechanisms to Control Water and Wind Erosion


The mechanisms that enhance the slowing down of water erosion are (i) the slowing of rainfall intensity by foliage strata, which reduces the force of the impact of raindrops [130], (ii) the plant biomass on the soil surface (leaves, roots, and grasses), which acts as an obstacle to the movement of water and the transport of soil particles [130], (iii) the deep roots of trees, which stabilize soil structure and limit erosion [131,132], and (iv) the presence of organic horizons in the soil, which regulates water infiltration and limits the runoff of soil particles [133]. To control wind erosion, we need to (i) grow plant species that can create windbreaks made up of trees, shrubs, or bushes which regulate and reduce the speed of wind without stopping it completely and (ii) add mulch to crops by installing a plant cover to protect the soil and thus preserve its water reserves [134].




3.7.2. Examples of Plant Species to Help Control Erosion and Restore Degraded Tropical Soils


The cultivation of plants helps to regulate the infiltration of runoff water into degraded soils and counteract the negative impact that excessive sunshine can have on the soil [107,135]. In this respect, Rey et al. [130] assert that plants with a high aboveground plant biomass intercept raindrops and reduce the intensity of their impact on the soil. Mazour et al. [136], in a study carried out in Algeria, established that natural plant cover reduces water erosion to around 0.4 Mg ha−1 year−1 of soil lost, a reduction of about 93%, compared with bare soil where soil losses are about 5.3 Mg ha−1 yr−1. This study showed that vegetation cover does not only limit soil erosion by facilitating water infiltration but also increases soil fertility and greatly improves its structural stability [136]. Similar results were obtained by Morsli et al. [137] in the same country, with a reduction in water erosion from 3 to 6 Mg ha−1 year−1 of soil lost on bare soil to around 0.8 Mg ha−1 year−1 of soil lost on soil under plant cover. Berkane et al. [138] showed that the intensity of water erosion decreased from 73 to 63 m3 ha−1 of water in western Algeria under forest cover, compared with areas without plant cover where erosion was much more intense. In Madagascar, Douzet et al. [139] achieved a reduction in runoff and erosion coefficients of less than 15% on soils cultivated with cover crops of maize (Zea mays L.), beans (Phaseolus vulgaris), and rice (Oryza sativa), despite an average rainfall of over 1300 mm, compared with soils with ploughed plots. Degraded soils under Jatropha curcas cultivation benefited from reduced water erosion [96,129,140]. This could be due to increased water infiltration in the soil since the cultivation of Jatropha curcas can increase in the weighted mean diameter of soil aggregates by 11% compared to that of the native vegetation [64]. The results of Ouattara et al. [141] showed that a quantity of 2 Mg ha−1 of mulch is necessary and sufficient to control runoff and erosion, improve infiltration, and conserve sufficient moisture. In their study, the runoff coefficient varied from 55% to 16% under plant cover compared with 94% under ploughing without mulching [141].



Mulching has proved effective also in controlling wind erosion. Millet [Pennisetum glaucum (L.) R. B] straw application rates of 2 Mg ha−1, providing a soil cover rate of 7 to 10%, could reduce wind sediment fluxes by 40 to 60% at 10 cm above ground level [142,143]. The study carried out by Tidjani et al. [144] on a sand dune bounded by Leptadenia pyrotechnica fences oriented parallel to the prevailing winds showed that the fences reduced wind flow by more than 98% over a distance 10 times its height. Plants that have deep rooting systems remain upright when winds are violent, and rainfall is heavy [145]. Moreover, the stratification of plant cover slows down rainfall velocity [146] and wind speed [134].



Overall, the characteristics of plant species that should be targeted to control water and wind erosion are (i) a vast canopy that can cover large areas above ground, (ii) an abundant production of litter that can cover the soil surface, (iii) a deep rooting system and an abundant root biomass with high length and branching intensity, and (iv) the presence of different vegetation strata.





3.8. Limitations of the Use of Plants to Help Restore Degraded Tropical Soils


Although our review demonstrates that plants can be helpful in many ways, their use to restore degraded soils in tropical environments through the five mechanisms identified also has limitations. Nitrogen fixation by plants is influenced by environmental conditions such as pH, humidity, temperature, or metal toxicity; the latter affects the plant physiologically, slows down the functioning of microbial communities, and limits the rate of N fixation [147,148]. The quantities of N fixed vary considerably from one species to another, as bacterial strains influence symbiotic activity [149,150]. Environmental conditions such as soil type, level of degradation, texture, mineralogy, water availability, acidity, and microbial community also affect C sequestration and root biomass production [9,151]. In this context, species selection is easier when we know most of the conditions listed above. Soil organic matter is an assemblage of living or dead organic constituents of plant, animal, or microbial origin, whether transformed or not, found in the soil [151,152]. It is therefore difficult to know exactly how much organic matter added from plant biomass contributes to increase soil fertility. The proportion of the organic matter added that will remain in the soil is also conditioned by similar factors to those influencing C sequestration. In many parts of Africa, several studies show that maize consumes a lot of water [153,154]. The advantages and disadvantages of growing this plant should be known to enable it to meet users’ objectives. The characteristics of the roots, leaves or foliage, and trunks of plant species differ from one species to another and are most likely unknown for many species of the tropics. Identifying plant species combining several of the desired characteristics provides better chances of restoring degraded tropical soils [155,156]. The effectiveness of plant species in stabilizing soil structure and aggregates also depends on environmental conditions such as soil moisture, temperature, rainfall, and nutrient availability [157]. These same environmental conditions influence the various living organisms in the soil that help to establish a stable soil structure. Finally, although Eucalyptus contributes to the formation of stable aggregates and the restoration of degraded tropical soils [90], this plant is no longer recommended in reforestation programs as it has extremely deep roots and consumes a lot of water, which deprives the other plants around it [158,159,160].





4. Conclusions


This work identified and described five major mechanisms by which plant species can help restore degraded tropical soils and highlighted the desired characteristics of these species. These mechanisms are (1) nitrogen fixation, (2) carbon sequestration, (3) organic matter addition, (4) structure stabilization, and (5) water and wind erosion control. The characteristics to be targeted when choosing appropriate plant species can be separated into two categories, those associated with aboveground parts on the one hand, and root parts on the other. Aboveground characteristics include the ability to grow tall, have a large leaf area to form a vast canopy, have an abundant leaf, fruit, flower, and branch production to accumulate litter on the soil, and a have a high rate of decomposition of plant residues. Belowground characteristics include high root length, roots with a large diameter and high mass density, high rooting depth, and the ability to form symbiotic associations with mycorrhizal fungi and nitrogen-fixing bacteria. Plant species to be targeted for the restoration of degraded tropical soils must possess at least one or two aerial or root characteristics favorable to at least two or three of the five mechanisms identified in this work. The cultivation of plant species has a triple benefit for degraded soils, as not only do they protect them against erosion and solar radiation, but they also contribute significantly to increase their level of fertility and structural stability. Legumes such as Acacia, as well as other plant species such as sugarcane (Saccharum officinarum), sorghum (Sorghum bicolor L.), Jatropha (Jatropha curcas L.), and cacao (Theobroma cacao), are plants to target for the restoration of degraded tropical soils because they possess favorable characteristics for promoting soil carbon sequestration and structure stability through increased biomass production and a reduction in water and wind erosion. The results of our research review can be helpful to guide researchers, farmers, and peasants on the mechanisms to target species characteristics to be selected for efficiently restoring degraded tropical soils. Future research should aim at characterizing aboveground and root characteristics of species of interest, as well as their impact on soil restoration mechanisms, from a quantitative point of view. This would greatly increase our mechanistic understanding of how plants can help restore degraded soils.
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Figure 1. Schematic representation of the methodological approach used to select articles in this critical scoping review. 
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Figure 2. Characteristics and mechanisms of plants species that play a positive role in the restoration of degraded tropical soil. See Table 3 for a detailed explanation associated with each reference number. 
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Table 1. Summary of inclusion and exclusion criteria used in this review.
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	Category
	Inclusion Criteria
	Exclusion Criteria





	1. Literature type
	Peer-reviewed publications
	Gray literature and non-reviewed documents



	2. Languages
	Documents published in French and English
	Documents in all other languages



	3. Topics
	Documents on the restoration of degraded tropical soils using plant species
	All other themes



	4. Geography
	Tropical zone
	All other parts of the globe



	5. Period
	Documents published between 1993 and 2023
	Documents published before 1993



	6. Database
	Google Scholar and Scopus
	All other databases










 





Table 2. Classification of tropical soils into eight main groups.
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	Soil Group
	General Description
	Geographical Distribution
	References





	Acrisols
	Soils with a higher clay content in the subsoil than in the topsoil. At certain depths, they have a low base saturation and low clay content.
	Humid tropical, humid subtropical, and warm temperate regions, widespread in Southeast Asia, the Amazon, the southeastern United States, and east and west Africa.
	[38,39,40,41].



	Ferralsols
	Deeply weathered, red, or yellow soils typical of the humid tropics, rich in primary minerals and kaolinite.
	Worldwide extent estimated at around 750 million hectares, almost exclusively in the humid tropics on the continental shields of South America and Africa.
	[41,42,43,44].



	Fluvisols
	Young soils formed in alluvial deposits, having a profile with signs of stratification and little horizon differentiation.
	Present on every continent and in every climate, they occupy some 350 million hectares, with more than half of them in the tropics.
	[41,45,46].



	Lixisols
	Soils with a higher clay content in subsoil than topsoil. They have a high base saturation and low clay content at certain depths.
	Found in tropical, subtropical, and warm temperate regions, seasonally dry, on Pleistocene and older surfaces.
	[41,47,48,49].



	Luvisols
	Soils with a higher clay content in subsoil than topsoil. They have highly active clays in the clay horizon and a high base saturation at certain depths.
	Covers 500 M to 600 M ha worldwide, mainly in temperate, subtropical, and tropical regions.
	[41,50,51,52].



	Nitisols
	Deep, well-drained, red tropical soils with >30% clay subsoil and a stable structure.
	Around 200 M ha worldwide, more than half of which are in tropical Africa, notably on the high plateaus (>1000 m) of Ethiopia, Kenya, Congo, and Cameroon.
	[41,53,54,55].



	Plinthosols
	Soils containing plinthite, a mixture of kaolinitic clays rich in Fe and/or Mn.
	Found in the humid tropics, notably in the eastern Amazon basin, the central Congo basin, and parts of southeast Asia.
	[41,56,57,58].



	Vertisols
	Clay soils, with a high proportion of swelling clays, forming wide, deep fissures when they dry out.
	Found mainly in semi-arid tropical regions but also in humid tropical regions such as Trinidad.
	[41,59,60].










 





Table 3. Mechanisms by which plants can help restore degraded tropical soils and characteristics of associated species.
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	Restoration Mechanisms
	Plant Characteristics (Numbers in Parenthesis Refer to Those Shown in Figure 2)





	Nitrogen fixation
	
	✓

	
Actinorhizal plants (1) have the capacity to form symbiotic associations with actinomycete bacteria of the Frankia genus (2) to fix atmospheric N in the soil.




	✓

	
Leguminous plants (3) can form symbiotic associations with bacteria of the Rhizobium genus (4) to fix atmospheric N in the soil.




	✓

	
The roots of both actinorhizal (1) and leguminous (3) plants are characterized by nitrogen-fixing nodules (5).




	✓

	
Both actinorhizal (1) and leguminous (3) plants can also associate with mycorrhizal fungi (6), forming tripartite symbiotic associations.









	Carbon sequestration
	
	✓

	
Actinorhizal (1) and leguminous (3) plants have the capacity to form symbiotic associations with N-fixing bacteria (2,4) and to promote carbon sequestration.




	✓

	
Carbon sequestration in the soil is also increased by the presence of mycorrhizal fungi (6) which form symbiotic associations with plant roots.




	✓

	
Plant roots produce litter (7) and exudates (8) released in the soil that envelop soil particles (9), stimulate microbial activity, and promote carbon sequestration.




	✓

	
Plants that provide abundant and easily decomposable litter aboveground (10) contribute to increased carbon sequestration in superficial soil layers.




	✓

	
Plants with increased root depth distribution (11) favor C sequestration in deep soil.









	Organic matter addition
	
	✓

	
Herbaceous plants (12) provide an abundant litter that can be easily decomposed (7, 10), contributing to nutrient recycling and improving soil fertility.




	✓

	
The addition of organic matter in the form of dead leaves and branches and crops residues (10) nourishes soil biota and increases its fertility.









	Structure stabilization
	
	✓

	
Root litter (7) and exudates (8) promote aggregate formation and stabilization (13).




	✓

	
Plants’ symbiotic associations with mycorrhizae (6) favor the stabilization of soil micro- and macroaggregates.




	✓

	
High root length and branching intensity (14) enmesh soil particles and contribute to aggregate formation and stabilization.




	✓

	
Increased root depth distribution (11) 