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A B S T R A C T   

Agricultural intensification has substantially reduced soil biodiversity as well as agroecosystem functions and 
services. Sustainable agroecosystems that increase crop diversity through rotation may promote soil biodiversity 
and above-belowground interactions. Studying ecological networks, soil communities, and abiotic impacts 
simultaneously increases our understanding of complex C cycling encompassing all components of a given 
system. Higher rotational diversity enhances primary productivity by increasing the photosynthetic intensity of 
crops in rotation relative to systems where a given crop is grown continuously. In addition, greater temporal crop 
diversity stimulates above-belowground interactions, which affects carbon allocation, rhizodeposition, and the 
growth of rhizobiomes. Stronger above-belowground interactions will intensify ecological connections between 
microbial and faunal networks among roots, rhizosphere, and bulk soil. This further strengthens soil functions 
and interactions between networks of biotic elements (plant inputs and soil food web functioning) and abiotic 
factors (soil matrix and microenvironments), providing positive feedback loops on soil organic C accrual. This 
review describes how interactions between rotational and biological diversity drive biodiversity-function re-
lationships. By increasing the quantity, quality, and chemical diversity of C inputs, crop rotations with higher 
functional diversity foster soil communities and enhance biotic-abiotic interactions, with positive impacts on the 
formation and storage of soil organic matter.   

1. Introduction 

Soil C pools, one of the critical components of global C cycling, store 
around 2500 billion tonnes of soil organic C (SOC), at least three times 
more than C found in the atmosphere or living biomass (Lal, 2004; 
Schmidt et al., 2011). SOC contributes roughly 60% of the mass of soil 
organic matter (SOM), a mixture of heterogeneous materials including 
exudates and fresh to progressively decaying debris of plants, microor-
ganisms, and soil fauna (Pribyl, 2010). However, to meet the growing 
demands for food, feed, and fiber, current agricultural systems often rely 
on intensive management practices (e.g., tillage, excessive fertilization, 
and pesticides application) that threaten SOM stabilization and forma-
tion through soil erosion, salinization, nutrient depletion/imbalance, 
and deterioration of soil structure and aggregation (Lal, 2011). For 
example, intensive cultivation accelerates SOM decomposition and leads 
to SOC losses of 25–75% in agricultural soils at the global scale (Lal, 
2011), with an estimated cumulative release of 1500 Gt CO2 to the 

atmosphere between 1751 and 2017 (Sanderman et al., 2017; Fried-
lingstein et al., 2019). Implementing enhanced system and crop man-
agement, such as crop rotations and cover crops, has the potential to 
reverse this trend and promote soil C sequestration (Table 1; Lal, 2011; 
Lal et al., 2015). 

Crop rotation, the sequential planting of crops over time, is used 
worldwide. Compared to continuous cropping, rotations containing 
multiple crops increase the temporal diversity in plants and functional 
traits, generating a legacy effect within the soil. This legacy effect is 
caused by historical cropping management that alters soil environments 
physically or through plant residues remaining after harvest (Crotty 
et al., 2016), and it is critical in shaping soil biodiversity and agro-
ecosystem functions (Lange et al., 2015; Tiemann et al., 2015; Faucon 
et al., 2017). For example, adding cover crops, such as Juan triticale 
(Triticosecale Wittm.), Merced rye (Secale cereale L.), common vetch 
(Vicia sativa L.), pea (Pisum sativum L.), faba bean (Vicia faba L.), radish 
(Raphanus sativus), and phacelia (Phacelia tanacetifoli) in a tomato-cotton 
rotation increases the community diversity of symbiotic fungi 
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(mycorrhizal fungi) during the cash crop growing season, improving 
nutrient uptake and increasing plant tolerance to biotic and abiotic 
stress (Snapp et al., 2005; Schmidt et al., 2019). Integrating perennial 
grass (e.g., bahiagrass; Paspalum notatum) into a peanut-cotton rotation 
promotes strong and vigorous root systems that can penetrate through 
the natural zone of soil compaction and ultimately increase soil aeration, 
water infiltration, and soil structure (Katsvairo et al., 2007b). Conse-
quently, crop rotations provide important and valuable ecological and 
economic benefits (Garcia et al., 2013; Tiemann et al., 2015; Lechenet 
et al., 2017; D’Acunto et al., 2018; Hu et al., 2018a). Increasing SOM is a 
key benefit of crop rotations given the critical impact of SOM on various 
properties and processes of productive soils. As soil functions are tightly 
connected to agroecosystem productivity and sustainability, optimizing 
the quality and content of SOM will benefit agroecosystems by 
enhancing soil structure, improving macro-porosity and water infiltra-
tion, increasing biotic biomass, activity, and diversity, in addition to 
acting as a pool of potential plant-available nutrients (Lal, 2011). 

The amount of C stored in soils supporting rainfed agriculture is 
determined by the balance between C inputs – mainly from plant 
biomass decomposition (Fig. 1c) and rhizodeposition (Fig. 1d) – and 
losses or outputs – mainly from oxidation/mineralization in addition to 
erosion and leaching (Fig. 1i; Lal et al., 2015; Ahkami et al., 2017). 
Larger C pools have been observed in diversified crop rotation systems, 
especially those containing crops with diverse functional traits, which 
are referred to as functional crops (Table 1; McDaniel et al., 2014a; King 
and Blesh, 2018). Examples of functional crops include perennial crops 
with high root exudation rates or cover crops (non-harvested species) 
producing larger C litter inputs, both of which have distinct functional 
traits that would favor a beneficial microbial community relative to 
annual crops (Faucon et al., 2017; Pausch and Kuzyakov, 2018). Overall, 
crop rotations containing functional crops can increase primary pro-
duction, change chemical traits of crop residues (e.g., N and P concen-
tration; Fageria et al., 2005; Maltais-Landry et al., 2014), and alter root 
traits (e.g., nitrogen-fixing bacteria and mycorrhizal fungi; Möller et al., 
2008; Turrini et al., 2016). These differences in functional traits can 
exert a considerable influence on agroecosystem functions (e.g., C 
sequestration and nutrient regulation), and in turn enhance the quality, 
quantity, and chemical diversity of C inputs while reducing leaching and 
erosion (Fig. 1; Tiemann et al., 2015; Grabau and Chen, 2016; Li et al., 
2018). More abundant and chemically-diverse C inputs increase the 
activity, abundance, and diversity of biotic communities (Venter et al., 
2016). For example, the meta-analysis of McDaniel et al. (2014a) re-
ported that crop rotations, especially those with cover crops, increased 
soil C and microbial biomass C by 8.5% and 20.7% on average compared 
to monocultures, respectively, highlighting the importance of below-
ground communities and activities in increasing SOC. This is consistent 
with an emerging paradigm centered on the biotic regulation of C 
cycling, where SOM dynamics are strongly linked to the organisms that 
are active in the rhizosphere and bulk soil (Schmidt et al., 2011; Dungait 
et al., 2012; Bender et al., 2015; Lehmann and Kleber, 2015; Crowther 
et al., 2019). Besides, changes in the sequence of crops in rotation 

impact C deposition, the timing of rhizodeposition, nutrient availability, 
and stress tolerance, which modulates the soil community diversity and 
structure and further affects the formation and storage of SOC (Taheri 
et al., 2016; Bakhshandeh et al., 2017; Pausch and Kuzyakov, 2018). 
King and Blesh (2018) reported that crop rotations including perennial 
and cover crops increased SOC by 12.5% and 6.3% on average relative to 
grain-only rotations, respectively, while legume-cereal grain rotations 
decreased SOC by 5.3%. 

Soil biota, one of the largest reservoirs of biodiversity in terrestrial 
ecosystems, comprise a substantial number of organisms, including 
microorganisms (e.g., bacteria, fungi, and archaea), soil fauna (e.g., 
nematodes, arthropods, and earthworms), and plants living all or part of 
their lives in or on the soil (Orgiazzi et al., 2016). Here, we define all C 
processes involved with soil biota as soil biotic-driven C cycling. 
Recently, there has been increasing attention devoted to the linkages 
between the diversity of above and belowground C inputs and the 
stimulation of soil biological communities and soil biotic-driven pro-
cesses by increasing functional traits in crop rotations, which results in 
positive carryover effects on crop production and long-term soil func-
tions (Fig. 1; Tiemann et al., 2015; Finney and Kaye, 2017; King and 
Blesh, 2018). This paradigm mainly emerges from previous theories that 
focused on how the quality and quantity of plant inputs affected SOM 
and its stabilization, including the impacts of specific practices, e.g., 
stubble retention or straw addition (Rahman et al., 2007; Sommer et al., 
2011). Abiotic factors, e.g., soil microenvironments (i.e., conditions in a 
given location of the soil that differ from the surrounding area, such as 
the rhizosphere) and the soil matrix, also play a key role in belowground 
C cycling (Cotrufo et al., 2013; Briones et al., 2014; Kallenbach et al., 
2018), and we refer to these processes as abiotic-driven C cycling. 

Past research has highlighted that belowground C cycling occurring 
in plant ecosystems is context-specific, with substantial differences in 
biotic factors, including the stoichiometry of deposited C (e.g., from 
living roots and litter) and the associated belowground communities and 
activities, and abiotic elements (e.g., microenvironments and the soil 
matrix) among systems. However, knowledge gaps remain in terms of 
how rotational diversity affects  

1) the mechanisms that soil biota utilize to regulate C cycling, including 
C allocation, rhizodeposition and associated rhizosphere microbial 
activities, and the interactions among crops and different trophic 
levels of soil biota;  

2) the interactions among biotic- and abiotic factors in promoting C 
stabilization;  

3) the mechanisms that could offset the C cycling benefits of diversified 
crop rotation. 

We address these knowledge gaps in detail in this review by dis-
cussing 1) how functionally diverse crop rotations affect above and 
belowground C movements (mainly C allocation and rhizodeposition), 
2) how these movements affect soil microbial and faunal communities 
and resulting agroecosystem processes (biotic- and abiotic-driven C 
cycling) and services, and 3) potential mechanisms that could restrict 
and disrupt C formation and stability in diversified crop rotations 
(Figs. 1 and 2). 

2. Potential mechanisms of soil biotic-driven C cycling under 
crop rotations 

Many studies have demonstrated that soil biota are the primary 
drivers of soil C cycling through several processes (Dungait et al., 2012; 
Zhang et al., 2013b; Trivedi et al., 2016), including translocation of 
fixed C and rhizodeposition, decomposition, anabolism, sequestration, 
and respiration (Fig. 1b, c, d, e, g, and h). These processes are key factors 
in regulating and stabilizing above-belowground C fluxes and nutrient 
cycling, contributing significantly to soil food webs, crop growth, and 
ultimately SOM formation (Fig. 3; Wardle, 2013). Most importantly, 

Abbreviations 

C carbon 
N nitrogen 
P phosphorus 
SOC soil organic C 
SOM soil organic matter 
DOC dissolved organic C 
CUE C use efficiency 
PGPM plant growth-promoting microorganisms 
AMF arbuscular mycorrhizal fungi  
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these processes are stimulated by diversified crop rotations. For 
example, crop rotations increase the abundance and diversity of soil 
fauna (e.g., earthworms) and saprotrophs that break down and bio-
chemically transform organic materials into available forms (e.g., DOC, 
NH4

+-N, and NO3
− -N), making them accessible for the entire soil food 

webs (Fig. 1) and plant uptake (Fig. 3; Venter et al., 2016; Ashworth 
et al., 2017; Fujii and Takeda, 2017). Many plant-associated 

microorganisms living in the rhizosphere (e.g., plant symbionts) are 
promoted by diversified crop rotations and they can interact with 
free-living saprotrophs and consequently affect C use efficiency (CUE) 
(Fig. S1; Bedini et al., 2013). Diversified crop rotations also regulate 
communities of higher trophic levels (e.g., predatory nematodes and 
earthworms), which affects the decomposition rate of litter and plant 
debris, as the activity of higher trophic levels manipulates lower trophic 

Table 1 
SOC concentration of shallow soil (0–20 cm and shallower) under diversified crop rotations. These data are mainly from representative studies published after 2014. A 
more extensive comparison can be found in the meta-analysis of McDaniel et al. (2014a).  

Cropping system Soil Tillageb Soil 
depth 

SOC (mg 
C g− 1) 

Main effect of systems on SOC Reference 

Spring wheat-spring wheat-canola- spring 
wheat-spring wheat-flax 

Elstow clay loam NT 0–15 
cm 

77.1 Negative effect of fallow McConkey (2003) 

Fallow-flax-spring wheat-fallow-canola- 
spring wheat 

67.8 

Pea-spring wheat-flax-winter wheat Indian Head clay 56.1 
Spring wheat-spring wheat-flax-winter 

wheat 
56.4 

Fallow-spring wheat-spring wheat-winter 
wheat 

53.0 

Winter wheat-vetch Loam (Vertic Luvisol) NT 0–10 
cm 

13.2 Negative effect of tillage Hernanz et al. 
(2009) MT 8.5 

CT 7.2 
Continuous barley Silty clay (Humic Gleysol) CT 0–10 

cm 
33.3 Positive effect of perennials Maillard et al. 

(2016) Barley-red clover/orchard grass 36.9 
Wheat-fallow NAa NT 0–10 

cm 
11.4 Positive effect of more diverse 

rotation 
Rosenzweig et al. 
(2018) Wheat-corn/sorghum/proso millet/peas/ 

sunflower-fallow 
12.3 

Wheat-corn/sorghum/proso millet/peas/ 
sunflower 

13.3 

Wheat-flax-alfalfa-alfalfa Heavy clay (Humic Vertisol) CT 0–15 
cm 

29.5 Positive effect of more diverse 
rotation 

Bell et al. (2012) 
Oat-soybean/faba bean-wheat-flax 32.9 
Oat-alfalfa-alfalfa-flax Sandy loam (Orthic Black 

Chernozem) 
NT 14.8 

Oat-canola-wheat-flax 14.3 
Continuous corn Clay loam CT 0–20 

cm 
70.2 Positive effect of more diverse 

rotation 
Congreves et al. 
(2017) Corn-soybean 80.0 

Corn-soybean-winter wheat 91.1 
Pearl millet-wheat Mixed loamy sand 

(Hyperthermic Typic 
Haplustepts) 

NT 0–15 
cm 

5.1 Positive effect of more diverse 
rotation 

Singh et al. 
(2018) Pearl millet-chickpea 5.3 

Pearl millet-mustard 5.2 
Continuous corn sandy 

loam mesic Typic Hapludalfs 
sandy 
loam mesic Typic Hapludalfs 
Sandy loam (mesic Typic 
Hapludalfs) 

CT 0–10 
cm 

16.2 Positive effect of more diverse 
rotation 

Tiemann et al. 
(2015) Soybean-corn 17.0 

Corn-red clover 17.5 
Soybean-wheat-corn 17.1 
Soybean-wheat-corn-red clover 24.2 
Soybean-wheat-corn-red clover-rye 21.3 
Continuous corn Silt loam (Typic Hapludalfs) CT 0–20 

cm 
54.1 Positive effect of more diverse 

rotation 
Jarecki et al. 
(2018) Corn-corn-soybean-soybean 53.5 

Corn-corn-soybean-winter wheat 58.6 
Corn-corn-soybean-winter wheat-red clover 58.4 
Corn-corn-alfalfa-alfalfa 58.3 
Continuous corn Clay loam (mesic Typic 

Argiaquolls) 
52.0 

Corn-oat-alfalfa-alfalfa 63.0 
Soybean-fallow Sandy loam (Andosol) CT 0–15 

cm 
39.4 Positive effect of cover crop Higashi et al. 

(2014) Soybean-hairy vetch 44.4 
Soybean-rye 43.1 
Wheat-flax-wheat-beet-wheat Calcisol CT 0–10 

cm 
8.1 Positive effect of more diverse 

rotation 
Aschi et al. (2017) 

Wheat-beet-faba bean-rape-wheat  12.1 
Maize-wheat-mungbean Sandy loam (Typic Haplustept) NT 0–15 

cm 
6.9 Negative effect of tillage and 

positive effect of more diverse 
rotation 

Parihar et al. 
(2016) Maize-chickpea-sesbania 7.2 

Maize-mustard-mungbean 6.4 
Maize-maize-sesbania 5.6 
Maize-wheat-mungbean CT 4.9 
Maize-chickpea-sesbaina 5.4 
Maize-mustard-mungbean 4.5 
Maize-maize-sesbania 4.6 
Maize-soybean Fine silty (mesic Udic 

Haplustolls) 
NT 0–15 

cm 
23.1 Negative effect of tillage and 

positive effect of more diverse 
rotation 

Alhameid et al. 
(2017) Maize-soybean-wheat 23.8 

Maize–soybean–wheat–oat 26.9 
Maize-soybean CT 22.8 
Maize-soybean-wheat 23.4 
Maize–soybean–wheat–oat 25.2  

a NA: no data available in the original paper. 
b CT: conventional tillage; MT: minimum tillage; NT: no tillage. 
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groups (e.g., microorganisms and their predators; Geisen et al., 2016; 
Grabau and Chen, 2016; Fujii and Takeda, 2017; Thakur and Geisen, 
2019). For example, bacterial-feeding nematodes reduce microbial 
abundance and density through grazing, and they can also stimulate the 
activity of specific microbial groups (e.g., oligotrophs) by releasing 
nutrients from consumed microbial biomass, which subsequently in-
creases the mineralization rate of organic matter; this effect is known as 
the microbial loop (Bonkowski, 2004). Additionally, some faunal groups 
may exert a dual effect on C cycling. With the enrichment of organic 
litter in diversified crop rotations, earthworms are capable of creating 

“resource islands” that promote C cycling by increasing the abundance 
and activity of microbivorous faunal groups (e.g., protozoa and nema-
todes; Savin et al., 2004). Simultaneously, the greater activity of large 
fauna (e.g., earthworms) can physically protect organic C from de-
composers in diversified crop rotations through the occlusion of organic 
matter within aggregates (Angst et al., 2017; Katsvairo et al., 2007a; 
McCarthy et al., 2008). 

Overall, biotic-driven processes play a vital role in the stabilization 
and formation of SOC under diversified crop rotations, as compared to 
physical transformations of plant residues and root rhizodeposits that 

Fig. 1. Schematic model of changes in below-
ground C dynamics under diversified crop rota-
tions compared with continuous cropping of a 
single crop. Soil C is comprised of a complex 
mixture originating from the decomposition of 
aboveground biomass, root or root rhizodeposits 
and the biomass of organisms (mainly soil mi-
crobes and fauna; Ahkami et al., 2017). Dissolved 
organic C (DOC) is generated by organisms and 
extracellular enzymes that catalyze the conver-
sion of macromolecular constituents to DOC after 
the breakdown of litter by saprotrophic fungi and 
fauna. Organismal biomass C (OBC) consists of C 
from plant, animal or microbial origin used for 
metabolism and C assimilation in organismal 
biomass. Necromass C is dead biota. Soil organic 
C (SOC) is the sequestration of soil biotic-driven 
C, including OBC, DOC, and necromass C. Soil C 
pools also undergo C losses via organism respi-
ration (the major source of CO2 from terrestrial 
ecosystems) and leaching (Lal et al., 2015; 
Ahkami et al., 2017). Gray squares, triangles, and 
circles represent resource-rich rhizodeposits and 
root litter.   

Fig. 2. Summarized overview of interactive ef-
fects driven by diversified crop rotations on 
agroecosystem functions and services. MEMS: 
Microbial Efficiency-Matrix Stabilization. 
Different colors refer to knowledge gaps dis-
cussed in this review and related to biotic-driven 
cycling (blue, section 2), interactions between 
biotic- and abiotic-driven cycling (yellow, section 
3), and potentially negative effects on C cycling 
(orange, section 4). (For interpretation of the 
references to color in this figure legend, the 
reader is referred to the Web version of this 
article.)   
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transfer C to soils and lead to its incorporation into SOC, which makes a 
small contribution to SOC (Fig. 1; Schmidt et al., 2011; Dungait et al., 
2012; Cotrufo et al., 2015; Liang et al., 2017; Kallenbach et al., 2018). 
This is because diversified crop rotations promote the growth and ac-
tivity of soil biota (McDaniel et al., 2014a; Venter et al., 2016; King and 
Blesh, 2018), which may increase biomass production, 
biologically-derived products (e.g., enzymes, hormones, and metabo-
lites), and organismal necromass (dominantly microbial necromass). As 
such, higher microbial biomass should stimulate microbial functions, 
such as soil aggregation and nutrient cycling, which contribute signifi-
cantly to SOC (Lützow et al., 2006; Kallenbach and Grandy, 2011). Liang 
et al. (2019) also demonstrated that microbial necromass contributed 
more than half of SOC. Consequently, diversified crop rotations may 
lead to a greater deposition of these biotic-driven products, especially 
microbially-driven C, into the SOM reservoir (McDaniel et al., 2014a; 
King and Blesh, 2018). Below, we analyze the major routes of C 

movements (mainly C allocation and rhizodeposition), the effects of 
these deposited C sources on soil microbial and faunal communities and 
their interactions, and the main biological mechanisms that regulate C 
fluxes and deposition under diversified crop rotations. 

2.1. C allocation 

As mentioned above, soil biota are the key driver of soil C cycling, 
and the magnitude of SOC stabilization driven by biotic processes crit-
ically depends on the C allocated from crop residues and rhizodeposits 
(Lal et al., 2015). In this section, we describe how diversified crop ro-
tations affect C allocation. Recent studies suggest that belowground C 
inputs contribute more to SOC than aboveground inputs across plant 
systems, implying that allocating more of the photosynthetically fixed C 
by crops to belowground structures would stimulate SOC formation 
(Pausch and Kuzyakov, 2018; Sokol and Bradford, 2019). Belowground 

Fig. 3. Spatiotemporal views of nutrient and energy fluxes driven by soil biota under diversified crop rotations. (1) root-parasitic nematodes (2) bacteria; (3) fungi, 
(4) bacterivorous nematodes, (5) bacterivorous protists, (6) fungivorous nematodes, (7) fungivorous protists, (8) collembola; (9) earthworms; (10) mites; (11) 
predatory nematodes. Despite the great complexity of soil food webs, they can be simplified as primary consumers (bacteria and fungi), secondary consumers 
(bacterivores and fungivores) and higher-level consumers (predatory nematodes and mites) based on predatory interactions (Kardol and De Long, 2018). The width 
of blue arrows is proportional to the magnitude of the C flux. Gray squares, triangles, and circles represent resource-rich rhizodeposits and root litter. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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C inputs mainly consist of root litter and rhizodeposits (Fig. 1b and d), 
and the net amount of C translocated belowground largely depends on 
plant species (Kaiser et al., 2015; Pausch and Kuzyakov, 2018). 
Compared to monoculture systems, diversified crop rotations increase 
species richness with higher belowground C inputs. For example, crop 
rotations including cover crops and perennial crops notably increase 
SOC, which is tightly linked to total and root C inputs (King and Blesh, 
2018). Perennial grasses translocate 33% of their C to belowground 
structures and exudates (Pausch and Kuzyakov, 2018), due to their 
heavy dependence on C stored in belowground structures for regrowth 
in spring or after grazing or mowing (Pausch et al., 2013). In contrast, 
annual crops only transfer about 21% of fixed C to belowground struc-
tures because the majority of assimilated C is allocated to grains and 
removed during harvest (Pausch and Kuzyakov, 2018). In addition, 
including a perennial grass in annual systems (e.g., adding bahiagrass in 
a peanut-cotton rotation) has the potential to increase photosynthesis of 
crops grown in rotation, mostly by increasing N availability, which 
would stimulate above and belowground C exchange (Fig. 1; Zhao et al., 
2010). Similarly, cover-cropped grain-only rotations have greater shoot 
and root C inputs to the soil compared to rotations without cover crops, 
due to the extended period when photosynthetically-active vegetation is 
present, which increases the total biomass that is ultimately returned to 
the soil (King and Blesh, 2018). 

2.2. Rhizodeposition and associated specific rhizosphere microbial 
communities 

As one of the main sources of stabilized SOM along with root litter 
(Kuzyakov and Domanski, 2000; Pausch and Kuzyakov, 2018), rhizo-
deposits account for about 11% of fixed C or 27% - 50% of C allocated 
belowground (Nguyen, 2009; Jones et al., 2009a). Rhizodeposits include 
a variety of substances that are released from damaged or intact cells, 
and they consist of sloughed off root cells, tissues, mucilage, volatiles, 
and soluble lysates and exudates. Recent studies have demonstrated that 
the amount and type of rhizodeposits are highly context-specific, sug-
gesting that greater plant diversity found in diversified crop rotations 
would increase the chemical diversity of rhizodeposits, including car-
bohydrates, organic and amino acids, phenolics, fatty acids, sterols, 
enzymes, vitamins, hormones, and nucleosides (Jones et al., 2009b; 
Steinauer et al., 2016; Dignac et al., 2017). Some studies found a tight 
relationship between root rhizodeposition (i.e., the quantity and 

diversity of rhizodeposits) and the diversity and structure of the rhizo-
sphere microbial community (Steinauer et al., 2016; Eisenhauer et al., 
2017; Sasse et al., 2018). For example, a high chemical diversity of 
rhizodeposits, encompassing a large number of antibiotic agents, anti-
microbial compounds, or plant hormones, not only reduces pressure 
from microbial pathogens and antagonistic microorganisms (Lange 
et al., 2015; Taheri et al., 2016; Bakhshandeh et al., 2017; Zhou et al., 
2017), but also promotes the growth of beneficial rhizobiomes (Sasse 
et al., 2018; Canarini et al., 2019). In return, beneficial rhizobiomes may 
play a pivotal role in promoting root rhizodeposition by stimulating 
nutrient supply to the host crop, providing a channel for C transfer, and 
enhancing passive diffusion between rhizosphere and root through the 
large concentration gradient generated by microbial uptake (Table 2; 
Jones et al., 2009; Canarini et al., 2019). 

Specific groups of beneficial microorganisms associated with diver-
sified crop rotations include plant growth-promoting microorganisms 
(PGPM), fungal endophytes, and rhizosphere saprophytes (Fig. S1; Zhou 
et al., 2017; Zhalnina et al., 2018; Hontoria et al., 2019; Rillig et al., 
2019). The activity of PGPM is expected to promote plant growth by 
stimulating the acquisition of essential nutrients (e.g., N, P, and Fe), 
modulating the level of hormones, and decreasing infection by phyto-
pathogens (Hossain et al., 2017; Hassan et al., 2019; Verma et al., 2019). 
The response of PGPM, especially arbuscular mycorrhizal fungi (AMF), 
to stress and defense leads to variations in plant metabolites, as well as 
higher diversity and quantity of exudates (Souza et al., 2015; 
Pérez-de-Luque et al., 2017; Zhu et al., 2020). In particular, AMF form 
mutualistic associations with host crops to provide them with N and P 
required for growth and proliferation in exchange for photosynthetically 
fixed C (Hoysted et al., 2018). Such symbiotic relationships serve as the 
main channel for C transfer between root and rhizosphere through 
several pathways (Fig. 1d; Jones et al., 2009): 1) direct allocation of C 
(exudates) through intra- and extraradical mycelium structures; 2) 
production of C-rich fungal structures; and 3) metabolism in AMF cells. 
Diversified crop rotations have the potential to strengthen these path-
ways. For example, crop rotations, especially those including 
AMF-associated crops (e.g., rye and oat), promote diversity and activity 
of the AMF community, which subsequently increases total external 
mycelium length, the number of spores of AMF, and AMF colonization 
(Schmidt et al., 2019; Moitinho et al., 2020b; Murrell et al., 2020). Ul-
timately, these traits facilitate the formation of melanized hyphae that 
improve the formation and stabilization of soil aggregates by 

Table 2 
Major soil biotic-driven mechanisms involved in above- and belowground C cycling and the expected effects of diversified crop rotations.  

Mechanisms Chemical reactions (or pathways) Key enzymes involved Potential organisms Predicted effect 
of rotation on C 
cycling 

References 

Photosynthesis Calvin-Benson-Bassham cycle (CBB) Ribulose-1,5-bisphosphate 
carboxylase oxygenase (RuBisCO) 

cbbL-carrying Bacteria, 
Cyanobacteria 

Increase (Tahir et al., 2015; Wu 
et al., 2015) 

Belowground 
allocation 

Translocation NAa NA Increase Pausch & Kuzyakov 
(2018) 

Rhizodeposition Sloughing of root border cells, 
secretion of mucilage by roots, root 
exudation, senescence of root 
epidermis 

Amylase, invertase, peroxidase, 
phenolase, acid/alkaline 
phosphatase, polygalacturonase, 
protease 

Mycorrhizal fungi, 
Endophytes, PGPM, Root 
herbivores 

Mixed (Nguyen, 2009; Kaiser 
et al., 2015) 

Litter 
decomposition 

Catabolism, 
Depolymerisation 

β-glucosidase, 
Cellulase complex, Xylanases, 
mannanase, 
galactanase, 
pectinases, 
lignocellulolytic enzymes 

Annelida 
Microarthropods, 
Earthworms, 
Termites, 
Saprotrophs 

Increase (Fujii and Takeda, 2017; 
Zhou et al., 2017; Ai 
et al., 2018) 

Respiration Catabolism Soil enzymes Microbes, Soil fauna Increase (D’Acunto et al., 2018;  
Zhang et al., 2018) 

Biomass 
formation 

Anabolism NA Microbes, Soil fauna Increase (McDaniel et al., 2014a;  
D’Acunto et al., 2018;  
Zhang et al., 2018) 

Sequestration DOC-microbes pathways NA Microbes, Soil fauna Increase (Gougoulias et al., 2014; 
Cotrufo et al., 2015)  

a NA: no data available at this stage. 
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stimulating the production of microbial metabolites, which stabilizes 
SOM in the long term (Kahiluoto et al., 2009; Wu et al., 2014). Diver-
sified crop rotations also promote glycoprotein and glomalin production 
by AMF (Bedini et al., 2013; Moitinho et al., 2020a), contributing not 
only to approximately 5% of soil C directly (Bakhshandeh et al., 2017), 
but also to aggregate stability and formation, which help sequester 
substantial amounts of C (Lal et al., 2015; Singh et al., 2017). 

Crop rotations also substantially affect the activity and abundance of 
endophytes, especially fungal endophytes (Taheri et al., 2016; Xia et al., 
2019). Root endophytic fungi (non-mycorrhizal fungi) have the poten-
tial to regulate the allocation of rhizosphere C due to their ubiquitous 
presence and dual lifestyle, which comprises both endophytic and sap-
rotrophic activity (Fesel and Zuccaro, 2016). The saprotrophic lifestyle 
of fungal endophytes may alter rhizodeposition by increasing fungal 
biomass C (Table 2). They also produce extracellular enzymes that 
catalyze soil C and N degradation: for example, some fungal endophytes 
(e.g., Metarhizium robertsii) can provide insect-derived N to plants by 
infecting soil-borne insects and exchanging this N with photosynthate 
from host plants via fungal hyphae or endophytic associations (Behie 
et al., 2017). Finally, they produce alkaloids that affect litter decom-
position (Guo et al., 2016), although the effect of alkaloids on decom-
position and their subsequent fate in soils remains elusive. Overall, the 
link between the endophytic lifestyle of fungal endophytes and 
above-belowground C movement remains largely unknown, due to the 
lack of functional studies on fungal endophyte-plant interactions. Given 
that only a few studies provided evidence on how crop rotations affect 
rhizodeposition and C cycling driven by these specific rhizobiomes 
(Table 2), the potential feedbacks of these rhizobiomes in response to 
crop rotations should be investigated more thoroughly. 

2.3. Interactions between crops and soil microbiomes and their 
involvement in belowground C cycling 

Rotational diversity increases the quality, quantity, and chemical 
diversity of C inputs that not only feed rhizosphere microbes, but also 
affect the majority of soil microbial communities (Zhou et al., 2017; Ai 
et al., 2018). As a result, diversified crop rotations directly manipulate 
the community structure and composition of microbiomes, because 
microbiomes with different traits preferentially utilize different types of 
C sources (Sauvadet et al., 2016; Vries et al., 2017). Specifically, 
fast-growing bacteria in the Beta- and Gamma-subgroups of Proteo-
bacteria and Bacteroidetes are considered as copiotrophic/r-selected 
bacteria that utilize soluble constituents and higher quality litter (e.g., 
relatively high N concentrations, low C/N ratios, and low phenol/lignin 
concentrations) and can thereby lead to high CUE (Cotrufo et al., 2013). 
This is due to nutrient-rich litter making the whole decomposer com-
munity C-limited, which facilitates C assimilation into new biomass of 
r-selected communities (Manzoni et al., 2012). In contrast, 
oligotrophic/k-selected bacteria (e.g., Actinobacteria and Firmicutes) 
and most of the fungal phyla (Ascomycota, Basidiomycota, and Zygo-
mycota) are more competitive in systems dominated by complex mol-
ecules or low-quality litter characterized by low N concentrations, high 
C/N ratios, and high phenol/lignin concentrations, which typically 
result in low CUE (Cotrufo et al., 2013; Souza et al., 2013; Castellano 
et al., 2015; Dignac et al., 2017). For example, cereal residues mainly 
consist of cellulose and hemicellulose with lower N and P concentrations 
and induce a slower mineralization rate of residues, while legume res-
idues are rich in sugars and proteins that have higher N and P concen-
trations, which stimulates soil nutrient recycling and increases CUE 
(Damon et al., 2014; Yu et al., 2016; Pan et al., 2019). Consequently, this 
greater C quality of legume residues could lead to the efficient stabili-
zation of a greater proportion of residue C in the soil, potentially miti-
gating the effect of lower residue quantity in legumes relative to cereals 
(Johnson et al., 2007). However, rotations including both legumes and 
cereals have slightly lower amounts of SOC than cereal-only cropping 
systems (King and Blesh, 2018), suggesting a rapid decomposition of C 

originating from legume residues. Increasing functional traits in crop 
rotations, e.g., by integrating cover crops or perennial crops in 
legume-cereal grain rotations, might be more effective at increasing SOC 
compared to grain-only rotations (Wright et al., 2004; Katsvairo et al., 
2007a; King and Blesh, 2018). These results suggest that the use of 
functional plants with higher quality and quantity of C inputs can 
counteract the negative effects of lower residue quantity in legume 
grains on SOC storage. In addition, functionally diverse crop rotations 
can increase nutrient availability (e.g., N and P), which may strengthen 
microbial interactions and microbiome-crop interactions, as the stoi-
chiometry of available resources steers nutrient- and 
community-dependent metabolic shifts that underpin microbial com-
munity functions and interactions (Manzoni et al., 2012; Hartman et al., 
2017). This maintains the stability and adaptability of agroecosystem 
functions, with a positive impact on SOC formation and accumulation 
(Hartman et al., 2017; Luo et al., 2020), and highlights that crop rota-
tions with a higher functional diversity contribute largely to SOC 
accrual. 

Crop rotations may also strengthen ecological connections of mi-
crobial networks among roots, rhizosphere, and bulk soil (Figs. 1 and 3; 
Vries et al., 2017). By increasing the chemical diversity and amount of 
rhizodeposits, a greater diversity of microbes is recruited from the bulk 
soil to the rhizosphere and facilitates rhizobiome-rhizobiome and 
plant-rhizobiome connections, with the concomitant release of greater 
root-derived energy (i.e., photosynthate excreted from roots and energy 
released from the decomposition of rhizodeposits and root litter) back to 
rhizosphere organisms (Fig. 3b; Pausch et al., 2016; Vries et al., 2017). 
This greater release of root-derived energy will benefit fungal sapro-
trophs found in the rhizosphere that serve as the primary consumers of 
root-derived C, as enhanced enzymatic activity will allow for the 
effective assimilation of root exudates (Hugoni et al., 2018; Vivelo and 
Bhatnagar, 2019). In addition, the hyphae of fungal saprotrophs will 
become potential energy resources for other rhizobiomes (Kong et al., 
2011), as some rhizobiomes have the ability to colonize and feed on 
these hyphae, which accelerates the production and turnover of mi-
crobial biomass (Rudnick et al., 2015; Ballhausen and de Boer, 2016). 
For example, mycophagous soil bacteria that are commonly found in 
agroecosystems, such as those belonging to the Collimonas genus, can 
exploit living fungal hyphae to obtain energy and nutrients for growth 
(Leveau and Preston, 2008; Ballhausen et al., 2015). Ultimately, rhizo-
sphere microbial C uptake is positively linked to the level of root 
exudation, as reported by Prommer et al. (2020) who found that mi-
crobial growth (indicated by microbial biomass C) increased by twofold 
but respiration (indicated by CO2) only increased by 1.5-fold when 
comparing systems with high plant diversity to monocultures. 

Diversified crop rotations that are beneficial to the growth and ac-
tivity of saprotrophs promote higher rates of biomass production as a 
result of ongoing loops of microbial proliferation, growth, and death, 
ultimately increasing the contribution of microbially-derived C to SOC 
storage (Ellouze et al., 2014; Schmidt et al., 2019). Some fungal sapro-
trophs species, such as Trichoderma harzianum, can penetrate into roots 
to access plant metabolites before they are secreted into the rhizosphere, 
and the external phase of hypha, in return, takes up organic nutrients 
from the rhizosphere and supplies them to the plant through the hypha 
section located inside the plant root (Harman, 2006; Rudnick et al., 
2015). This suggests that these saprotrophs act as the primary consumer 
of root exudates by competing with other rhizobiomes, especially the 
rhizobacterial community, which has the potential to accelerate the 
turnover rate of saprotrophs and thereby promotes their necromass 
formation (Six et al., 2006). Some rhizobiome-plant interactions can 
also stimulate the release of specific compounds (e.g., cyclopropyl fatty 
acids) in addition to the supply of C sources from symbiotrophs (e.g., 
glomalin) linked to plant hosts, accelerating fermentation by sapro-
trophic fungi (Herman et al., 2012; Hugoni et al., 2018). For example, 
compared to a wheat-fallow rotation, a wheat-corn-proso millet rotation 
increased glomalin production by AMF (Wright and Anderson, 2000), 
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which could promote the activity and growth of saprotrophs in the 
rhizosphere. Simultaneously, some rhizosphere microbial groups, such 
as symbiotrophs, can compete for nutrients with saprotrophs that would 
otherwise mineralize organic matter in crop rotations, as reported by a 
two-year tomato and cotton rotation including cover crops Juan triti-
cale, Merced rye, and common vetch that led to a more diverse and 
symbiotroph-enriched community (Jastrow et al., 2007; Schmidt et al., 
2019). These suggest that crop rotations could lead to tighter in-
teractions between saprotrophs and other rhizobiomes living in the 
rhizosphere, ultimately altering microbial mediation of C decomposition 
and C sequestration. 

Compared to the rhizosphere microbiomes, the microbial commu-
nity living in the bulk soil (free-living microbes) presents a lower 
abundance but higher diversity, with higher relative abundances of 
oligotrophic bacterial taxa (e.g., Acidobacteria, Chloroflexi, and Firmi-
cutes; Liu et al., 2017; Oberholster et al., 2018). This is likely due to the 
lower quantity but higher diversity of litter inputs supplied to the bulk 
soil (aboveground C inputs of current and previous crops) relative to 
root litter and root exudates excreted in the rhizosphere (Lugtenberg and 
Dekkers, 1999; García-Salamanca et al., 2013; Liu et al., 2017). As a 
result, free-living microbial communities in the bulk soil benefit less 
from diversified crop rotations, with C cycling regulated by free-living 
microbes making a relatively smaller contribution to SOC than C 
cycling driven by rhizosphere microbes (Oberholster et al., 2018; Zhou 
et al., 2017, Fig. 3a). This would be consistent with the study of 
McDaniel et al. (2014b) where soil microbial properties (e.g., basal 
respiration and extracellular enzyme activities) affected by 11 years of 
corn-soybean and corn-soybean-wheat rotations had little effect on soil 
total C in the bulk soil. However, similar to the rhizosphere, the greater 
quantity and quality of aboveground biomass inputs owing to rotational 
effects (i.e., a direct effect from current crop and a carryover effect from 
previous crops) can still increase the abundance and activity of 
free-living microbes in the bulk soil relative to continuous cropping 
systems, especially copiotrophic taxa (e.g., Betaproteobacteria, Actino-
bacteria, and Bacteroidetes; Liu et al., 2017; Lupwayi et al., 2017) that 
can enhance DOC-associated pathways (Figs. 1 and 3a; Cotrufo et al., 
2015; Preissel et al., 2015). 

2.4. Soil faunal activity regulating belowground C cycling 

Soil faunal activity is another key contributor to C cycling through 
interactions between top-down and bottom-up effects, with critical im-
pacts on the decomposition and turnover rates of C sources (Fig. 3; 
Bender et al., 2015; Zhang et al., 2015; Sauvadet et al., 2016). While soil 
microbial communities and their impact on C cycling are mainly 
affected by the crop species and cropping sequences of the rotation (Liu 
et al., 2017; Ai et al., 2018), soil faunal communities are likely sensitive 
to the microbial community and nutrient concentration that result from 
bottom-up control (Hobbie and Villéger, 2015; Thakur and Geisen, 
2019). Changes in the faunal community composition and abundance 
directly affect faunal feeding activity, which provides feedback loops 
and further mediates microbial activity through top-down control 
(Hobbie and Villéger, 2015; Thakur and Geisen, 2019). Accordingly, 
rotational diversity can affect the interdependence of microbial and 
faunal communities through changes in the quantity and quality of 
organic matter inputs (Osler and Sommerkorn, 2007; Schmitz, 2010; 
Maron et al., 2018), which subsequently and overwhelmingly affects 
belowground C cycling (Hobbie and Villéger, 2015). 

With a higher quantity, quality, and chemical diversity of C inputs, 
diversified crop rotations can facilitate population dynamics in the soil 
food webs and C-related life history parameters, including C assimilation 
(e.g., the amount of C resources for growth, physiological maintenance, 
and excretion), production efficiency (e.g., the amount of C assimilated 
into biomass), and the C:N ratio of soil biota (Osler and Sommerkorn, 
2007; Bender et al., 2015; Hobbie and Villéger, 2015). Given the 
disparity of energy and nutrient demands for bacterial and fungal-based 

soil food webs, these parameters will vary both within and among spe-
cies (Vanni et al., 2002). For example, as bacterial-based soil food webs 
largely consume C and N, this could stimulate the loss of most of the 
consumed C as CO2 through respiration and lead to a small proportion of 
the C and N consumed being excreted back to the soil, which ultimately 
will contribute less to SOC compared to fungal-based soil food webs (Six 
et al., 2006; Osler and Sommerkorn, 2007; Malik et al., 2016). This is 
because fungal-based soil food webs have higher C:N ratios than 
bacterial-based soil food webs (e.g., 3–5 for bacteria relative to 5–15 for 
fungi), resulting in more C contained per unit of N in fungal-based soil 
food webs. Consequently, fungal-based soil food webs retain a large 
amount of ingested materials with a high C:N ratio and mineralize a 
small proportion of the C they ingest (Stirling et al., 2002; Grabau and 
Chen, 2016), increasing soil biotic-driven products and ultimately 
making a large contribution to soil C pools. Overall, by leading to diverse 
soil communities associated with more complex population dynamics in 
soil food webs, especially fungal-based soil food webs, diversified crop 
rotations promote the formation and stability of SOC (Bender et al., 
2016; Grabau and Chen, 2016; Santos et al., 2020; Yin et al., 2020). 

In addition to directly grazing on microorganisms, some organisms 
(e.g., earthworms, isopods, millipedes, and enchytraeids) indirectly 
consume microorganisms through the ingestion of soil, litter, and SOM 
(Thakur and Geisen, 2019). Among them, earthworms are the most 
dominant consumer group in agroecosystems (Curry and Schmidt, 2007; 
Jackson et al., 2017), and the abundance and richness of earthworms 
increase with rotation complexity (Ashworth et al., 2017; Rodríguez 
et al., 2020). It is well known that the activity of earthworms regulates C 
dynamics (Ernst et al., 2009; Zheng et al., 2018). In particular, their 
activity can increase SOM decomposability and nutrient availability by 
selecting specific soil microbes, altering microbial stoichiometry, and 
increasing microbial colonization of SOM through direct contact be-
tween organic materials and microbes (Nielsen et al., 2011; Medi-
na-Sauza et al., 2019). Simultaneously, earthworms develop symbiotic 
relationships with microbiomes within their gut (Ekschmitt et al., 2005), 
where earthworms build biogenic structures (e.g., castings, galleries, 
and fungi wheels) that form organic-mineral associations. These struc-
tures have a great impact on soil aggregation and soil structure, 
increasing the mean residence time of SOM by protecting it from 
decomposition (Hobbie, 2015). Moreover, the feeding process of 
earthworms can stabilize labile organic compounds and/or incorporate 
organic residues into aggregates that ultimately increase SOC storage 
(Lavelle et al., 2006; Don et al., 2008; Dignac et al., 2017). Greater 
earthworm activity may increase both C mineralization and C stability 
under diversified crop rotations, with a larger increase in C stability 
relative to C mineralization (Zhang et al., 2013a). This is highlighted by 
a long-term bahiagrass-bahiagrass-peanut-cotton rotation that increased 
both earthworm population density and SOC (Katsvairo et al., 2006, 
2007b). 

Herbivores also have a profound effect on C cycling (Bardgett and 
Wardle, 2003; Hobbie and Villéger, 2015; Gan and Wickings, 2020). The 
waste products herbivores excrete and their necromass are enriched in 
nutrients relative to the primary producers they consume, supplying 
decomposers with nutrient-rich sources and energy that ultimately in-
creases CUE (Hunter, 2001; Bardgett and Wardle, 2003). On the other 
hand, herbivores may affect C cycling by altering plant allocation of C, e. 
g., plant-parasitic nematodes that may stimulate the release of root ex-
udates due to root damage (Bardgett and Wardle, 2003; Gebremikael 
et al., 2016). However, the growth of herbivores, especially root her-
bivores, exerts tremendous damage to plants, which leads to substantial 
losses of crop productivity and ultimately decreases C inputs to the soil 
(Blackshaw and Kerry, 2008; Zvereva and Kozlov, 2012). Therefore, 
diversified crop rotations can regulate C cycling by controlling the 
population of herbivores, and they do so through several mechanisms. 
Firstly, the growth of herbivores can trigger the release of phytohor-
mones that act as a chemical defense (e.g., gibberellins, brassinosteroids, 
auxins, and cytokinins), and diversified crop rotations can increase the 
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magnitude of this defense, such as a mung bean – wheat rotation 
compared to continuous wheat (Nguyen et al., 2016; Hu et al., 2018b; 
Ilyas et al., 2018; Peralta et al., 2018). Secondly, crop rotations may 
promote the growth of PGPM that have biocontrol effects against her-
bivores (Schouteden et al., 2015; Mhatre et al., 2019). For example, a 
tomato-celery-cucumber-Chinese cabbage rotation was significantly 
enriched in Flavobacterium spp. and Pseudomonas spp. compared to a 
cucumber monoculture system (Zhou et al., 2017). Thirdly, crop rota-
tions that include perennial grasses can suppress the growth of herbi-
vores, as they decrease the frequency at which herbivore-susceptible 
annual crops are grown (Katsvairo et al., 2007a). Lastly, the higher 
biodiversity in soil food webs associated with rotational diversity can 
exert top-down control over herbivore populations (Srivastava et al., 
2009; Bender et al., 2015). These rotational effects on herbivores pro-
foundly affect the decomposition rate of organic materials (Gan and 
Wickings, 2020). Consequently, given the benefits and disadvantages of 
herbivory on soil C cycling, it is difficult to estimate the quantitative 
contribution of herbivores to SOC under diversified crop rotations due to 
rotational effects on the growth and activity of herbivores. 

Overall, greater rotational diversity increases the diversity and 
complexity of soil fauna communities, affecting the functioning of soil 
food webs, with positive feedbacks on nutrient recycling and SOM for-
mation and stability. This is especially true when using functional crops 
that not only increase litter input, which ensures adequate C supply for 
each trophic group in soil food webs, but also increase environmental 
heterogeneity, niche diversity and biotope space, all of which promote 
plant productivity and CUE (Vukicevich et al., 2016; Leslie et al., 2017; 
Seabloom et al., 2017). 

3. Interactive effects of biotic and abiotic factors on promoting C 
stabilization 

Crop rotations can also affect SOC stabilization by improving soil 
physical properties (e.g., soil aggregation, water infiltration, and soil 
structure) that further alter microenvironments (Madari et al., 2005; 
Katsvairo et al., 2007b; Singh et al., 2018). In addition to soil aggregate 
formation, one of the most important soil physical properties for SOC 
stabilization (Lal et al., 2015), diversified crop rotations also promote 
SOC stabilization through the improvement of soil structure and water 
infiltration as well as the reduction of bulk density and soil compaction 
(Katsvairo et al., 2006; Calegari et al., 2013; Zuber et al., 2015). These 
improved physical attributes favor the growth and activity of diverse soil 
biota (Young et al., 1998), such as N2-fixing bacteria that can release 
polysaccharides, which positively affects soil aggregate formation 
(Martins and Angers, 2015). Besides, higher biological activity detected 
in diversified crop rotations can release a large amount of 
biologically-derived products (e.g., enzymes, amino acids, and fatty 
acids) and extracellular polymeric substances (Acosta-Martínez and 
Burow, 2010; Sun et al., 2016; D’Acunto et al., 2018). These substances 
are the main contributors to the formation of organic-mineral associa-
tions and SOM stabilization by promoting aggregation and strong 
chemical bonding to the mineral soil matrix (Cotrufo et al., 2013), which 
increases aggregate formation and stability and improves the resistance 
of soils to leaching and erosion (Lal, 2011). On the other hand, the rapid 
turnover of living organisms under crop rotations can produce sub-
stantial amounts of necromass from dead biota over time (Fig. 1f), which 
are vital to SOC stabilization (Castellano et al., 2015; Kallenbach et al., 
2015; Liang et al., 2019). Compared with biomass production that has a 
fast turnover, necromass is regarded to be relatively stable, due to its 
main constituents that include particulate organic matter from cell en-
velope fragments, some colloidal former cytosolic matter, and small 
biopolymers (Liang et al., 2019). Soil aggregate stability further in-
creases the capacity of soils to store C, as SOM formed in aggregates or 
sorbed by organic-mineral interfaces is physically protected due to its 
physical inaccessibility to extracellular enzymes and/or microclimatic 
conditions, referred to as an “entombing effect” (Fig. 3; Gougoulias 

et al., 2014; Cotrufo et al., 2015; Liang et al., 2017). 
These physical properties improved by diversified crop rotations are 

related to physical stability, enabling nutrients to be transported along 
the soil surface with runoff or downward in the soil profile with infil-
trating water (Rabot et al., 2018). For example, greater soil structure and 
lower bulk density in a bahiagrass-bahiagrass-peanut-cotton rotation 
help the root to efficiently get access to available water and nutrients, 
leading to greater root biomass and crop productivity (Katsvairo et al., 
2007b). In turn, greater root litter inputs impart many positive attributes 
to these physical properties and ultimately contribute largely to SOM 
(Lal, 2011; Veen et al., 2019). In sum, diversified crop rotations can 
optimize microenvironments that enhance the interactions between soil 
biota and physical properties, with positive effects on C sequestration 
and stability. 

4. Potential mechanisms that could offset C cycling benefits of 
crop rotation 

Although diversified crop rotations increase new C inputs, priming 
effects and anthropogenic disturbances (i.e., tillage, fertilization, and 
pest management) can limit the accumulation of SOC and accelerate its 
turnover (Fig. 4A). Priming effects refer to an increase in the degrada-
tion of old SOM when the activity of soil decomposers is stimulated by 
fresh C inputs (e.g., root exudates, secretions or excretions, and labile 
litter). This could be driven by four potential, non-mutually exclusive 
mechanisms (Dignac et al., 2017; Chao et al., 2019): 1) an increase in the 
activity of r-strategists (via the exponential growth of short-lived mi-
crobial groups) and thus soil enzymatic activity that degrades old SOM; 
2) the adaptation of k-strategists (long-lived microbes under stable 
environmental conditions) to the decomposition of recalcitrant sub-
strates, increasing their decomposition; 3) greater root exudation (e.g., 
oxalic acid) disrupting organic-mineral associations and increasing 
accessibility to stabilized SOC; 4) a change in the stoichiometry of C 
inputs that modulates the magnitude and direction of priming effects. As 
priming effects accelerate SOM decomposition, they can also potentially 
increase N and P availability (Faucon et al., 2017). Overall, there is little 
information available on the effects of diversified crop rotations on the 
magnitude and direction of priming effects, in addition to their biolog-
ical drivers. 

Crop rotations, especially those including functional plants (e.g., 
cover and perennial crops), can have relatively closed nutrient cycles, 
where above- and below-ground organic inputs are decomposed or 
mineralized into available forms that are taken up by plants, potentially 
reducing the reliance on external inputs compared with continuous 
cropping systems. However, these benefits may not be immediate, and 
growers may still implement intensive tillage, fertilization, and pest 
management to ensure short-term profitability. These anthropogenic 
disturbances not only change the soil biota community structure and soil 
food web functioning, they also disrupt the connection between bulk 
and rhizosphere soil networks (Vries et al., 2017; Yang et al., 2018; 
Banerjee et al., 2019). For example, tillage can disrupt soil structure and 
aggregates, resulting in drastic effects on soil microenvironments (e.g., 
temperature, moisture, and oxygen), biological activity, and SOC sta-
bilization (Sá et al., 2014). Tillage can also disrupt the network of 
mycorrhizal fungi and AMF communities, and affect faunal communities 
(e.g., nematodes and earthworms) through killing or injuring them 
directly or exposing them to the risk of predation. Such disturbances 
stimulate SOM mineralization and deplete SOC by increasing microbial 
turnover rates and metabolic quotients (Table 1; Roger-Estrade et al., 
2010; Kabiri et al., 2016; Pelosi et al., 2017). 

Large inputs of synthetic fertilizers also reduce network complexity 
and the abundance of key taxa in the root microbiome as well as fungal 
biomass and diversity (Bakhshandeh et al., 2017; Banerjee et al., 2019), 
potentially reducing the contribution of organisms to soil ecosystem 
functions (Bender et al., 2016). High N availability from water-soluble 
fertilizers may reduce belowground C allocation and rhizodeposition, 
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as above- and belowground allocation is strongly related to soil nutrient 
availability (Liu et al., 2017; Pausch and Kuzyakov, 2018). Moreover, 
high N inputs significantly accelerate the decomposition of native SOM 
through priming effects (Qiu et al., 2016). However, using the optimal 
rate of synthetic fertilizers or combining synthetic and organic fertilizers 
can decrease SOM decomposition and facilitate the efficiency of C 
sequestration (Li et al., 2017). This raises the question of how N fixed by 
legumes affects the dynamics of native and new C sources, which re-
mains unanswered to our knowledge. 

There is an ongoing debate on whether rotational effects induced by 
crop rotational diversity are functionally limited, because of functional 
redundancy in biotic communities (McDaniel et al., 2014a; Tiemann 
et al., 2015). Nielsen et al. (2011) synthesized studies in natural systems 
that focused on the relationship between soil biodiversity and C cycling 
and found that species richness improved C cycling at low levels of soil 
biodiversity but did so less frequently at higher levels of soil biodiver-
sity. In managed agroecosystems, the effects of rotational diversity on 
soil biodiversity may be tied to the low level of soil biodiversity typically 
observed in these systems, resulting in a low saturation point. More 
specifically, intra/interspecies diversity in crop rotations can result in 
only minor differences in the diversity of plant functional traits. This 
results in substantial functional redundancy in soil communities and 
agroecosystem functions compared with diversified crop rotation that 
include functional trait diversity, as represented by the pink and green 
areas in Fig. 4B (Bender et al., 2016; Raffard et al., 2019). The 
meta-analysis of McDaniel et al. (2014a) highlighted this, by deter-
mining that changes in microbial biomass C were not correlated with the 
number of crops in the rotation and that total C accretion only occurred 
up to three crops in the rotation. Hence, to enhance plant-mediated 
long-term effects that affect biotic interactions and their roles in C 
recycling and accumulation, plant functional trait diversity should be 
considered when managing crop sequences rather than focusing solely 
on intra/interspecies diversity (Wurst and Ohgushi, 2015). 

5. Concluding remarks and future perspectives 

Our review describes the potential mechanisms that regulate C 

cycling within diversified crop rotations (Fig. 2). High rotational di-
versity coupled with diversified functional traits positively correlates to 
soil C allocation and rhizodeposition. This will affect interactions among 
groups of soil biota and between soil biota and plant species through 
synergistic (e.g., nutritional networks, symbiotic association) or antag-
onistic associations (e.g., competition, pathogenetic or predatory asso-
ciations), ultimately determining the fate of C dynamics (Figs. 1 and 3; 
Bardgett and Wardle, 2010). Further uncovering the mechanistic con-
nections among plant inputs, soil communities, and abiotic factors may 
shed additional light on our understanding of C cycling and ecological 
functions under agroecosystems. This would provide insights into the 
benefits that diversified crop rotations offer to improve CUE and resis-
tance to pathogens or to reduce the reliance on agrochemicals. Given 
these benefits, high rotational diversity may mitigate the susceptibility 
of agroecosystem functions and services (e.g., C sequestrations and soil 
biodiversity) to agricultural intensification (Fig. 4A). 

Finally, we should give more consideration to functional trait di-
versity rather than intra/interspecies diversity alone when managing 
crop sequences in rotation (Fig. 4B). However, considerable uncertainty 
remains on how functional traits may interact within or among plant 
species and affect C and nutrient dynamics through time. This is due to 
interactive effects that are most likely context-dependent, and diver-
gence in factors affecting these interactions among biomes (Manzoni 
et al., 2012; Hartman et al., 2017; Crowther et al., 2019; Thakur and 
Geisen, 2019). Accordingly, future studies exploring species-specific 
mechanisms of organism-soil-crop interactions under functionally 
diverse crop rotations and their roles in governing C and nutrient cycling 
would be especially useful. 
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Fig. 4. Conceptual view of the C dynamics triggered by soil communities and management practices under crop rotation and continuous cropping of a single crop 
(A). Boxes represent old C storage (yellow) and new C inputs (green). Arrows indicate C cycling triggered by direct biological pathways (C gain in blue and C loss in 
red), priming effects (in purple), and anthropogenic disturbances (in orange). Crop rotation leads to both positive (soil biotic-driven C storage: C reservoir derived 
from biomass production, biologically-derived products, and necromass) and negative (biotic-driven C loss, priming effects and C loss induced by anthropogenic 
disturbances) feedbacks on C cycling, although net C storage (brown boxes) ultimately increases compared to continuous cropping of a single crop. (B) Compared to a 
two-species rotation (black line), continuous cropping with a single species (blue curve) decreases the biodiversity and functionality of soil, which in turn reduces 
crop productivity (blue area). In contrast, rotations with multiple crops enhance the biodiversity and functionality of soil (green curves), although benefits may be 
limited as biodiversity reaches a saturation point within agroecosystems. Biodiversity and functionality of soils under functional rotational diversity of crops include 
those induced by intra/interspecies diversity per se (green area) and further increases induced by functional diversity of crops, known as the functional rotational 
effect (pink area). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Hobbie, S.E., Villéger, S., 2015. Interactive effects of plants, decomposers, herbivores, 
and predators on nutrient cycling. Trophic Interactions: Bottom-up and Top-down 
Interactions in Aquatic and Terrestrial Ecosystems 233–259. 
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Maron, P.A., Sarr, A., Kaisermann, A., Lévêque, J., Mathieu, O., Guigue, J., Karimi, B., 
Bernard, L., Dequiedt, S., Terrat, S., Chabbi, A., Ranjard, L., 2018. High microbial 
diversity promotes soil ecosystem functioning. Applied and Environmental 
Microbiology 84. 

Martins, M., dos, R., Angers, D.A., 2015. Different plant types for different soil ecosystem 
services. Geoderma 237, 266–269. 

McCarthy, J.F., Ilavsky, J., Jastrow, J.D., Mayer, L.M., Perfect, E., Zhuang, J., 2008. 
Protection of organic carbon in soil microaggregates via restructuring of aggregate 
porosity and filling of pores with accumulating organic matter. Geochimica et 
Cosmochimica Acta 72, 4725–4744. 

McConkey, B., 2003. Crop rotation and tillage impact on carbon sequestration in 
Canadian prairie soils. Soil and Tillage Research 74, 81–90. 

McDaniel, Grandy, A.S., Tiemann, L.K., Weintraub, M.N., 2014a. Crop rotation 
complexity regulates the decomposition of high and low quality residues. Soil 
Biology and Biochemistry 78, 243–254. 

McDaniel, M.D., Tiemann, L.K., Grandy, A.S., 2014b. Does agricultural crop diversity 
enhance soil microbial biomass and organic matter dynamics? A meta-analysis. 
Ecological Applications 24, 560–570. 
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