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Abstract 

The maintenance of soil health in agro-ecosystems is essential for sustaining agricultural 

productivity. Through its positive impacts on various soil physical and biological processes, 

cover cropping can be an important component of sustainable agricultural production systems. 

However, the practice of cover cropping can be complex, and possible trade-offs between the 

benefits and side effects of cover crops have not been examined. To evaluate these benefits and 

potential trade-offs, we quantitatively synthesized different ecosystem services provided by 

cover crops (e.g., erosion control, water quality regulation, soil moisture retention, accumulation 

of soil organic matter and microbial biomass, greenhouse gas (GHG) emission, weed and pest 

control, as well as yield of the subsequent cash crop) using data from previous publications. We 

used a simple indicator (δ), defined as the ratio of an observed variable (i.e., ecosystem service) 

under cover crop and under fallow condition, to evaluate the impacts of cover crops on a given 

ecosystem service. Our results showed that cover crops provided beneficial ecosystem services 

in most cases, except for an increase in GHG emission (δCO2 = 1.46±0.47 and δN2 O = 1.49±1.22; 

�̅�𝑥±SD) and in pest (nematode) incidence (δnematode abundance = 1.29±1.61). It is also important to 

highlight that, in some cases, tillage could offset the extent of ecosystem service benefits 

provided by cover crops. Based on this synthesis, we argue that cover crops should be 

incorporated into modern agricultural practices because of the many environmental benefits they 

offer, particularly the maintenance of soil and ecosystem health. More importantly, there was 

generally an increase in cash crop yield with cover cropping (δyield  = 1.15±0.75), likely due to 

improvement in various soil processes. Despite its benefits, the complexity of cover crop 
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management should not be overlooked, and site-specific factors such as climate, soil type, cover 

crop species and tillage practices must be considered in order to optimize the benefits of cover 

cropping. In addition to crop yield, detailed economic analyses are needed to calculate the direct 

(e.g., reduction in the amount of chemical fertilizer) and indirect monetary benefits (e.g., the 

improvement of soil quality) of cover crops. Such a comprehensive analysis could serve as 

incentive for producers to integrate cover crops into their management practices. 
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1. Introduction 

The inappropriate uses of conventional agriculture technology such as heavy machinery (e.g., for 

tillage) and chemical inputs (e.g., fertilizers, pesticides, herbicides), as well as practices such as 

monoculture crop cultivation and, in some cases, groundwater exploitation for supplemental 

irrigation (Lal, 2015) have led to unprecedented environmental consequences, including serious 

declines in soil quality. Soil compaction, erosion, salinization, and water pollution are common 

characteristics of degraded landscapes, with soil loss being the most visible manifestation of that 

condition (Sumner and McLaughlin, 1996). Yet soils are the foundation of multiple ecosystem 

service provisioning, defined as the services that the ecosystem provide for human well-being 

(e.g., biomass and raw material production, nutrient cycling, biodiversity conservation, physical 

and cultural environment, carbon sequestration and archive to geological and archaeological 

heritage) and are critical to achieving the United Nations Sustainable Development Goals 

(Keesstra et al., 2016). Therefore, a shift towards ‘nature-based solution’ (NBS) practices as an 

alternative to conventional agriculture has been recommended (Keesstra et al., 2018). Examples 
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of such practices include minimizing mechanical soil disturbance, allowing permanent soil cover 

with crop residue, and increasing species diversification (FAO, 2002).  

Cover cropping is among some of the most recognizable NBS practices that enhances the 

provisioning of various ecosystem services in agro-ecosystems (Keesstra et al., 2018). Residue 

cover has well documented effects on the intensity and seasonal variability of numerous soil 

processes relevant to nutrient transport and transformation in soils (e.g., soil temperature and soil 

moisture) (Kahimba et al., 2008; Siczek and Lipiec, 2011). Cover crop has long been recognized 

as a beneficial practice not only for its impact on nutrients retention, but also for soil organic 

matter (SOM) accretion (Sainju and Singh, 1997; Lal, 2015). With the escalating cost of N 

fertilizer, legume cover crops have received significant attention due to their N fixation potential 

(Shrestha et al., 1999; Ladha et al., 2005). Cover crops also provide additional agronomic 

services including increased arbuscular mycorrhizal fungi (AMF) inoculation (Galvez et al., 

1995), reduced incidence of certain soil pathogens (Bagayoko et al., 2000; Fageria et al., 2005; 

Sainju et al., 2005), suppression of early-season weeds, particularly those that require light for 

germination (Teasdale, 1996).  

Despite their potential benefits to ameliorate soil conditions, the introduction of cover 

crops can add to the complexity of farming operations. In the case of a legume cover crop like 

hairy vetch (Vicia villosa Roth.) that can provide a large portion of the N required by the 

subsequent crop (ex. corn), late cover crop termination is usually recommended because this 

allows for higher N accumulation in the cover crop biomass (Clark  et al., 1997), and for better 

synchronization of N release from the decomposing cover crop and corn N uptake (Ladan and 

Jacinthe, 2017). In contrast, early termination of cover crop might be appropriate in situations 

where rainfall amount is low and depletion of soil moisture reserve by cover crops is a concern 
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(Mitchell et al., 2015). At times the potential side effects of cover cropping could offset potential 

benefits. For example, prolonged dry periods may diminish the benefits of cover crops, due to 

continued evapotranspiration by the growing cover crop (Dabney et al., 2001; Rusinamhodzi et 

al., 2011) or water competition with the main crops (Unger and Vigil, 1998), although a recent 

study has shown that cover crops with deeper rooting system (e.g., palisadegrass, Brachiaria 

brizanta or Urochloa brizanta (Hochst. ex A.Rich.) R Webster) allowed the subsequent cash 

crop to develop a more extensive rooting system and consequently better drought tolerance 

(Balbinot Junior et al., 2017). Similarly, additional N supply is often required for producing high 

biomass cover crops (i.e., to build organic matter stock), such as those from the Poaceae family, 

but they produce residue with high C:N ratios, leading to temporary soil N immobilization (Zhu 

et al., 2012). In many agricultural regions, climate change is expected to result in pronounced 

summer droughts, and recent studies have suggested that repeated soil drying and moistening 

cycles can potentially exacerbate the export of nutrient loss in agricultural runoff (Smith and 

Jacinthe, 2014; Daryanto et al., 2017b, a). At the present, it is unclear whether cover cropping 

can help mitigate the impact of climate variability on nutrient use efficiency and loss from 

agroecosystems.  

Globally, there has been growing interest in considering cover crops as a component of 

NBS practice and, as an illustration of that interest, numerous studies involving cover crops have 

been conducted in both temperate and tropical regions (Fig. 1) (Hwang et al., 2015; Basche et 

al., 2016; García-González et al., 2016; Almeida et al., 2018). For example, in the United States, 

the area planted with cover crops has doubled during the last five years (SARE, 2017) and in 

Brazil, the use of tropical grasses from the genus of Urochloa or Brachiaria has been promoted 

in combination with no-till (NT) to improve phosphorus (P) availability in Oxisols and Ultisols 

https://en.wikipedia.org/wiki/Hochst.
https://en.wikipedia.org/wiki/A.Rich.
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(Almeida et al., 2018). Yet, the number of cover crop users is still limited, indicating numerous 

challenges associated with adoption of the practice. The lack of knowledge and skills, access to 

cover crop seeds, training and technical assistance are potential barriers to cover crop adoption, 

particularly for smallholders (Mwangi et al., 2015; Pratt and Wingenbach, 2016). Therefore 

understanding the determining factors of  farming practices adoption is critical to effectively 

promote cover cropping among farmers, and harness the conservation and ecosystem services 

benefits that this practice can provide (Mol and Keesstra, 2012).  

Aside from production cost, crop yield is the ultimate factor that determines the 

willingness to adopt cover cropping. Most farmers believe that cover crops must be grown for a 

full year, halving the number of cash crop cycles (Tonitto et al., 2006). Yield variability with 

cover cropping has also been reported. For example, lower rice yield was observed  following 

cover crops of the Poaceae family (Nascente et al., 2013), but increased yield was measured with 

leguminous cover crops (Dabney et al., 1989). Similarly, considerable difference in corn yield 

was recorded depending on the cover crop species that preceded the corn crop (Kaspar and 

Bakker, 2015). Although numerous factors may contribute to the variable results reported in the 

literature, a comprehensive quantitative analysis of these factors on crop yield variability and 

other ecosystem services associated with cover crops is still lacking. The need for such an 

analysis has previously been acknowledged (Blanco-Canqui et al., 2015). To better understand 

the extent of each benefit relative to the potential adverse impact associated with cover crops, we 

quantitatively synthesized and compared different ecosystem services associated with the 

management, including services unrecorded by prior assessments such as weed and pest control 

(Lal, 2015; Brennan, 2017; Kaye and Quemada, 2017). By using data from field experiments 

across the globe, this review is to complement the previously modeled ecosystem services 
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provided by cover crops (Schipanski et al., 2014) and to thoroughly assess the NBS in the 

context of a changing climate. 

 

2. Methods 

To understand the benefits of using cover crops across a wide array of agronomic practices, 

climate and soil conditions, we used a simple key indicator (δ), defined as the ratio of the value 

of an ecological attribute or an ecosystem services (e.g., nutrient loss, sediment loss and runoff 

loss) under cover crop to the value of that attribute under fallow (no cover crop) condition 

(Archer and Predict, 2014; Wei et al., 2016). We took this approach, rather than the conventional 

meta-analysis, to allow us to quantify the benefits of cover crops using data from a larger number 

of studies. This approach is necessary given the variety of agronomic practices (e.g., with or 

without manure addition, irrigation, or herbicide application), potential combinations between 

cover crops species and cash crops, which constrained data availability as was previously 

acknowledged by Tonitto et al. (2006). Published articles indexed in Web of Science from 1985 

to 2017 were used to collect data on ecosystem services provided by cover crops. A total of 377 

articles were included in our database. Full references are available in Supplementary Material. 

To ensure the homogeneity of our database, we limited the scope of our review only to studies 

involving cover crops in combination with annual cash crops – but not in combination with 

livestock grazing or orchard, which has been reviewed elsewhere (Demestihas et al., 2017; 

Garcia et al., 2018).  

We use formulas from Wei et al. (2016) and Archer and Predict (2014) to calculate the 

effect of cover crop for each ecosystem service: 

δES =  𝑁𝑁𝑐𝑐 𝑁𝑁𝑓𝑓�            (1) 
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where δES represents cover crop efficiency in providing certain ecosystem service (ES), Nc 

represents a measured ecological parameter with cover crops, while Nf represents the same 

parameter under fallow condition. Data were collected for the following parameters (each of was 

analyzed separately): (i) soil, water, and nutrient (i.e., NO3
- and dissolved P) loss through 

leaching and runoff, (ii) residual soil NO3
-, and residual soil available P concentration, (iii) soil 

organic carbon (SOC), soil total nitrogen (TN) and soil total phosphorus (TP) concentration and 

stock, (iv) soil microbial biomass C (MBC), soil microbial biomass N (MBN), and soil microbial 

biomass P (MBP) concentration, (v) arbuscular mycorrhizal fungi (AMF) colonization of the 

subsequent cash crop, (vi) bulk density and residual soil moisture, (vii) pest (i.e., nematode) 

abundance, weed biomass and weed density during the subsequent cash crop, (viii) greenhouse 

gas (GHG) emission (i.e., CO2 and N2O), and (ix) yield of the subsequent cash crop.  

Due to high seasonal variability of some of the parameters, the effect of cover crops 

relative to fallow condition was strongly influenced by the time of observation/measurement 

(Schipanski et al., 2014). Unless otherwise stated, data were selected based on observations 

made between cover crop planting and before cash crop planting (i.e., generally during spring) to 

avoid the confounding effects of cash crop. In other words, we focused our data collection to 

what others have considered as the key period to observe ecosystem services provided by cover 

crops (Schipanski et al., 2014). Most of the parameters presented results of field surveys carried 

out at one point in time (e.g., SOC, TN, TP, MBC, bulk density), although some parameters 

(e.g., water and nutrient loss) were generally observed over a period of time. In the later case, the 

average value from both treatment and control was used to determine the δ. The summary that 

details sampling frequency for each parameter is available in Supplementary Table S1. For 

calculating nutrient loss, we only selected studies that reported either NO3
- or dissolved P load 



 8 

with cover crops (instead of studies that reported concentration) since load better reflects the 

actual nutrient loss (leaching and runoff) from agricultural systems (Daryanto et al., 2017a, b). 

Residual soil NO3
- and available P were analyzed separately at different soil depths: (i) topsoil 

(0-5 cm), (ii) areas where most of the plant roots are located (5-60 cm), and (iii) areas below the 

root zone (>60 cm). These depth ranges were also selected for the analysis of other soil 

properties such as SOC, soil TN, soil TP, soil moisture and soil bulk density. Unless soil depth 

was specified, unspecified soil-related data came from the combination of all soil depths due to 

constraint of data availability. To avoid the confounding effect of tillage, bulk density was only 

recorded when cover cropping was combined with NT management. Soil MBC, MBN and MBP 

were not separated based on soil depth because none of the studies reported values for these 

parameters at depth below the plant rooting zone (i.e., all data came from measurements made in 

the 0-30 cm layer). Percent (%) colonization by AMF was selected instead of spores count 

because not all AMF produce spores (Morton and Redecker, 2001). To assess the effect of cover 

crops on pest incidence, plant-parasitic nematode abundance was selected because this parameter 

was consistently reported across studies. Nematodes have a wide range of plant hosts and within 

the soil food web, they directly influence soil processes (e.g., decomposition) and reflect the 

structure and function of many other taxa (DuPont et al., 2009). We, however, were unable to 

report the incidence of plant diseases due to the different and sometimes subjective parameters 

(e.g., disease score, disease severity) used by different studies to report that effect. 

A δES value smaller than one indicates a reduction in the intensity of a given parameter 

with cover crop application, while a value greater than one indicates an increase. Despite its 

simplicity, we applied rigorous procedure to ensure that the difference between treatment (i.e., 

cover crop) and control (i.e., fallow) was solely due to the presence of cover crops. For example, 
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we did not include treatments that compared conservation practice (e.g., NT plus cover crop) 

versus conventional practice (e.g., tillage without cover crop) since the difference between the 

two practices involved both tillage and cover crop combination, rather than merely the presence 

of cover crops. We also limited our synthesis to cover crops (either single or mix species) that 

were planted, killed, and left in the field after killing before cash crop cultivation. This restriction 

is important as it allowed us to assess the effect of different cover crops on the following cash 

crop without the confounding and complex effect of competition and/or facilitation between 

different cover crop and cash crop combinations in a relay or intercropping system. This 

restriction also inferred that the cover crop was always grown at the site where measurements 

were made, and allowed us to differentiate the effect of cover crop from the mere effect of 

mulching. In addition, we only included treatments in which the cover crops were well 

established and had good cover crop coverage (≥75% coverage). Because different cover crops 

require different seeding rates, we assumed that each treatment allowed good cover crop 

coverage (e.g., according to the recommended seeding rate for a particular cover crop species), 

unless otherwise stated (e.g., incidences of diseases or unfavorable weather that did not allow 

successful cover crop establishment). In accord with this same line of reasoning, we did not 

include treatments that removed or burned the cover crop aboveground biomass since these 

interventions would reduce the amount of cover crop biomass and subsequent release of nutrients 

from that biomass (e.g., ~67% of total N in winter legumes is contained in shoots) (Choi and 

Daimon, 2008).  

Data from each article were then extracted using the following procedures. If a study 

examined the effect of cover crop in combination with other agronomic factors (e.g., fertilizer 

type, tillage method), the data were treated as separate contributions (Lu et al., 2016). Similarly, 
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if a study was conducted in different years or locations, the data were treated separately since a 

given field could have experienced different rainfall conditions over the years or been planted 

with different crops (Daryanto et al., 2017a, b). The distribution of the data collected for each 

ecosystem service is shown in Figures 2-10. 

To improve the quantitative analysis of the data (i.e., to understand the co-varying factors 

to the cover crop management), we also recorded different agronomic practices that 

accompanied the cover crop management, and treated them as separate categories (i.e., co-

varying factors). This categorization, however, was only applicable for yield because there was 

constraint of data availability for almost all the other parameters. To simplify the large variation 

of cover crop species, cover crops were categorized as non-legume cover crops, and as legume 

cover crops (e.g., hairy vetch or Vicia villosa Roth., white clover or Trifolium repens L.), 

including any mixture of cover crops that included legume species. The non-legume species 

included: (i) cereal (e.g., barley or Hordeum vulgare L., cereal rye or Secale cereale L. sorghum 

or Sorghum bicolor L., wheat or Triticum aestivum L.,), (ii) brassicaceae (e.g., black mustard or 

Brassica nigra [L.] Koch, (white) mustard or Sinapsis alba L., radish or Raphanus sativus L., 

forage rape or Brassica napus L., ), (iii) perennial grass (e.g., perennial ryegrass or Lolium 

perenne L., Canada bluegrass or Poa comprecosystem servicesa L.) and (iv) other cover crops 

(e.g., sunflower or Helianthus annuus L., Phacelia spp., common chickweed or Stellaria media 

L., downy brome or Bromus tectorum L.) (Table 1). Fertilizer addition was also divided into: (i) 

with and (ii) without fertilizer N addition (zero N) to the subsequent cash crop. To further ensure 

the robustness of our results, we applied additional criteria during data categorization. For 

example, when categorizing the effect of fertilizer addition, we did not include data that were 

reported as an average across fertilizer rates. 
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3. Results and Discussion 

3.1.Cover crop classification  

Cover crops can be categorized on the basis of various criteria, including plant species (Table 1), 

management of cover crop biomass and planting time. While in most cases, cover crops are 

killed and the biomass is left on land surface (when combined with NT) or incorporated into the 

soils (when combined with tillage), cover crops can also be planted to serve as a living mulch in 

orchards (e.g., vineyard or other fruit trees) or intercropped with other annual plants. Living 

mulch cover crops generally provide similar ecosystem services as killed cover crops, but 

ecological traits such as shade tolerance (Mauromicale et al., 2010) and attraction of rodents 

(Wilman et al., 2009) must also be considered when selecting species for a living mulch system. 

Intercropping with annual plant cash crop is more common in the tropical region where the seeds 

of the cover crops are sown at the same time as the cash crop or along with cash crop fertilizer 

(Crusciol et al., 2015), allowing sufficient ground cover. In addition to the functions noted 

above, legume cover crops and some tropical grasses (e.g., palisadegrass) improve soil fertility 

for the subsequent cash crops, and often serve as forage when integrated to a livestock 

production system (Cicek et al., 2015; Crusciol et al., 2015).  

In the temperate region, cover crops can also be categorized based on their planting and 

termination time. While the majority of cover crops are seeded after fall harvest of corn/soybean 

(i.e., late-season cover crops), summer seeding (i.e., mid-season cover crops) also occurs 

especially following early harvest of vegetables (Tian et al., 2011). The former needs to survive 

winter to provide adequate soil cover and biomass (e.g., rye) (Snapp et al., 2005), while the later 

need to be heat-tolerant due to prevailing warm summer temperatures (e.g., alfalfa). Termination 

(or kill) of cover crops usually occurs during the spring but the exact timing (early-, mid-, or 
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late-spring) needs to be managed with due consideration of the subsequent cash crop in order to 

maximize the desired ecosystem service.  

3.2.Ecosystem services of cover crops 

3.2.1. Cover crops reduce soil and water loss through drainage and runoff 

There is overwhelming evidence that cover crops can help reduce soil loss during snowmelt and 

rainfall events, particularly during the dormant soil season when soil surface would otherwise be 

bare. Our results showed that, during the fallow period, cover crops could substantially reduce 

the amount soil loss, by as much as 75% (n = 8; δsoil loss = 0.25) compared to unprotected land 

surfaces (Table 2, Fig. 2a). This result was unsurprising given the relative destructive impact of 

raindrops on soil aggregates, especially in areas where very little amount of plant residue is left 

on land surface (Furlani-Júnior et al., 2013). The protection provided by cover crops and the 

reduction in soil loss can be attributed to a combination of factors including reduced surface 

sealing, increased surface roughness (Alliaume et al., 2014), increased soil organic matter and 

greater soil aggregate stability (Blanco-Canqui et al., 2011). It appears, further, that the reduction 

in soil loss is extended into the cash crop growing period (Table 2). Because a large portion of 

the C input from cover crops is added as roots, they more effectively contribute to the evolution 

of a stable C pool than other types of organic amendments that are typically applied at the soil 

surface (Kätterer et al., 2011). Litter and particulate organic matter from decomposing cover 

crops as well as binding agents (e.g., roots or hyphae) from microbial decomposition processes 

further contribute to soil structural stability (Laloy and Bielders, 2010).    

Across different climate, soil conditions and agronomic practices, a reduction of about 

18% (n = 52; δwater loss = 0.82) in water loss (through drainage and runoff) was observed with 

cover cropping (Table 2, Fig. 2b). Numerous studies have ascribed the reduction in water loss to 
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runoff reduction with cover cropping (Islam et al., 2006; Laloy and Bielders, 2010; Alliaume et 

al., 2014), likely due to protection from surface sealing, increase in surface roughness and 

impedance to overland flow provided by crop residue during heavy rainfall. Improvement in soil 

macroporosity due to larger soil aggregates and greater macro-faunal activity (e.g., earthworms) 

increases water infiltration and consequently reduces runoff (Blanco-Canqui et al., 2011). 

Increased water holding capacity (due to organic matter) in combination with higher 

evapotranspiration with cover crops, may have additionally contributed to observed reductions in 

the amount of water loss via drainage (Justes et al., 1999). Compared to fallow fields, Gabriel et 

al. (2012) noted that drainage begins later and finishes earlier in fields supporting cover crops. 

Altogether, cover crops, by facilitating less rainfall to be transformed into runoff which erodes 

the soil, reduce the connectivity between the two at the landscape level (Masselink et al., 2017). 

Although the ecosystem service of cover crops for erosion control is clear, studies have 

shown that it becomes less obvious in areas with steep declivity (>7%) (Edwards and Burney, 

2007) or during excessively high rainfall periods (Fouli et al., 2012). The gravitational effect of 

slope overcomes the erosion control benefits of cover crops, even with species with fibrous 

rooting system (e.g. cereal rye) and planted at high seeding rate (200 kg ha-1) (Edwards and 

Burney, 2007). Similarly, as soils are near saturation, water infiltration rate becomes limited, 

causing rainfall water to move predominantly as overland flow (Fouli et al., 2012). In clay-rich 

soils and soils prone to surface crusting, cover crops can provide immediate reduction of 

soil/water loss, a service that takes longer to be achieved with NT alone (Lanzanova et al., 2103). 

Finally, tillage operations are sometimes conducted for soil incorporation cover crops biomass, a 

practice that  can reduce the abundance of earthworms (Strouda et al., 2017), and negate some 
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the soil quality benefits generally associated with cover cropping. This aspect of cover crops 

management may need further investigation. 

3.2.2. Cover crops reduce NO3
- loss, but not dissolved P loss 

Our results showed an appreciable reduction in the amount NO3
- loss from agroecoystems with 

the adoption of cover crops, with much larger reduction measured in the period following 

termination of cover crops (47%; n = 65) than at other time of the year (28% on an annual basis; 

n = 115) (Table 3, Fig. 3a). A substantial reduction (concentration = 21%; stock = 24%) in the 

amount of residual soil NO3
- in the deep soil layers (i.e., layers beyond the rooting depths) was 

also observed in fields managed using cover crops compared to fallow (Table 4, Figs. 3d and 3e). 

Considering that leaching is the major pathway of NO3
- loss from agricultural soils (Daryanto et 

al., 2017a), these observations suggest that N uptake by deep roots may have contributed to the 

observed reduction in NO3
- loss. Data from Kristensen and Thorup-Kristensen (2004) has shown  

that the rooting depth of common cover crops such as Italian ryegrass (Lolium multiflorum 

Lam.), cereal rye (Secale cereale L.), and fodder radish (Raphanus sativus L. var. oleiformis 

Pers) can reach 0.6, 1.1, and 2.4 m, respectively. These deep rooting systems enable them to 

recycle NO3
- leached in deep soil layers, even in compacted soils (Chen and Weil, 2010). While 

cereal species usually have a high root density (number of roots per m2) and fibrous roots, work 

by Chen and Weil (2010) has shown that cover crops with taproot systems, such as those in the 

Brassicaceae family (e.g., fodder radish and oilseed rape), can actually produce greater root 

number in compacted soils. In addition, cover crops provide a degree of insulation of the ground 

surface, therefore leading to delayed soil frost in the fall and a shallower depth of frozen soil 

during winter (Kahimba et al., 2008). Ultimately, these could reduce the volume of soil 
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experiencing freeze/thaw cycles, a process that generally enhances nutrient loss (Liu et al., 

2013). 

 The concentration and stock of residual soil mineral N (i.e., NO3
-) during the dormant 

season (from cover crops seeding to termination) exhibited significant variability (Figs. 3b-e). In 

general, elevated residual soil N with legume was observed as opposed to a decrease with non-

legume cover crops (Frasier et al., 2017; Couedel et al., 2018), and therefore they did not 

diminish the risk of NO3
- leaching, as shown by a meta-analysis study (Valkama et al., 2015). 

This trend is likely due to a combination of several factors. Unlike cereal grains, legume cover 

crops are less effective at scavenging N due to their shallow rooting systems and  lower growth 

rate during fall or winter (Clark  et al., 1997). Most legumes (e.g., clover, and all dry beans) are 

also frost-intolerant (Verret et al., 2017), and are killed during episodic sub-zero temperatures. 

Since these cover crops also have low C:N ratio, they decompose more readily and release more 

NO3
- during spring compared to their frost-tolerance and/or high C:N ratio counterparts (e.g., 

rapeseed, winter cereals, or perennial legumes) that are deliberately killed during the spring. The 

mineralization of non-legume cover crops take place at much slower rates. To obtain the N-

supplying benefits of cover crops while reducing NO3
- leaching at the same time, combining 

legumes with other cover crops such as crucifer or grass is recommended (Frasier et al., 2017; 

Couedel et al., 2018).  

 Surprisingly, the presence of cover crops did not reduce, but slightly increased the 

amount of dissolved P loss (i.e., load) by 5% (n = 14; δdissolved P loss = 1.05) (Table 3). Given that 

only 31-67% of applied fertilizer P is incorporated into crop biomass, a high amount of residual  

P from the previous crop  generally remains in the (top)soil (Carefoot and Whalen, 2003). When 

fall P fertilizer is also applied to the cover crops (e.g., under winter wheat cultivation), it could 
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further contribute to elevated dissolved P concentration, which can later be translated into high 

amount of load through leaching and surface runoff  (e.g., snowmelt) (Gächter et al., 2004). 

Moreover, decomposing cover crop residues can release plant-available soil P in amounts 

comparable to water-soluble mineral fertilizers (Maltais-Landry and Frossard, 2015). Tropical 

grasses from the genus Brachiaria or Urochloa can mobilize and take up recalcitrant P in the soil 

bound to Fe or Al, increasing the concentration of available P in the topsoil (Almeida et al., 

2018). Data from Liu et al. (2013) has shown higher amount of P release from the shoots than 

the roots of cover crops. Our results showed a 9% (n = 106; δresidual soil P concentration = 1.09) and 8% 

(n = 27; δresidual soil P stock = 1.08) increase in residual available soil P concentration and stock, 

respectively (Table 4, Figs. 4b-c), in the plant rooting layers following cover crops termination. 

Our results do not include data from sites in which aboveground biomass of cover crops was 

removed; exclusion of such sites in our analysis would have further increased the pool of soil 

residual P following the termination of cover crops. Due to its reactivity and low mobility, P 

tends to accumulate in the surface soil layers (Guertal et al., 1991). However, it is possible that 

cover crops may have induced a re-distribution of soil available P as suggested by the observed 

decrease in residual available P in the topsoil (Table 4), and in accord with the results of 

(Franchini et al., 2014).  In summary, cover cropping can provide some reduction in P loss, but 

this must be in conjunction with other measures including, most importantly, a reduction in the 

amount of fertilizer P applied during the subsequent cash crop. Rather than using single species 

cover cropping, a combination several cover crop species could be more efficient in mitigating P 

loss. For example, P release was found to vary with cover crop species, with the smallest release 

of available P from grasses compared to other cover crop species (e.g., oilseed radish Raphanus 
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sativus L. or phacelia Phacelia tanacetifolia Benth) (Liu et al., 2013). Further research is needed 

to determine the merit of that suggestion.  

3.2.3. Cover crops increase the concentration of soil organic carbon (SOC), total nitrogen 

(TN) and total phosphorus (TP) 

The sequestration and maintenance of organic C soils can be considered as one of the primary 

ecosystem services offered by cover cropping. Our results showed that following their kill, cover 

crops could increase SOC concentration by 9% (n = 91; δSOC = 1.09) and SOC stock by 7% (n = 

49; δSOC = 1.07) within the plant rooting layers (Table 5, Figs. 5a-b). These results were 

consistent across different climatic regions, and edaphic properties. Time since cover crop 

introduction has a significant influence on the SOC stock change. This is not surprising in light 

of a previous report showing that the amount of SOC increases linearly with time, with no sign 

of saturation, even up to 54 years after cover crop introduction (Poeplau and Don, 2015). 

Because a large portion of the C input from cover crop is added as roots, they contribute more 

effectively to the relatively stable C pool than other organic amendments or above ground C-

input (Kätterer et al., 2011).  

 There have been instances, however, where lower SOC (δ <1) was observed with cover 

crops compared to no cover crop treatments (Fig. 5). Tillage could be the primary reason for 

these observations. A laboratory study has shown that the addition of fresh C, particularly 

cellulose can strongly accelerate C mineralization and subsequent C loss; a process commonly 

known as ‘the priming effect’ (Fontaine et al., 2004). As tillage breaks soil aggregates, it exposes  

previously protected SOC to microbial decomposition (Six et al., 2000). Therefore, the 

combination of tillage and the addition of fresh plant material following cover crop kill may 

accelerate the oxidation of the more stable, old SOC compounds (Poeplau and Don, 2015). A 
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similar priming effect was also observed in the drylands during pulses of high rainfall if it 

corresponds to the period of cover crop kill (Mancinelli et al., 2015), leading to lower SOC 

compared to the no cover crop treatment.  

Similar to SOC, our results also showed a 19% increase in TN concentration (n = 73; δTN 

concentration = 1.19) and a 4% increase in the concentration of TP (n = 147; δTP concentration = 1.04) in 

the plant rooting layers with cover cropping across different climatic and edaphic conditions 

(Table 5, Figs. 5c-e). These results were unsurprising given the high biomass return and N 

sequestration by legume cover crops. Increases in the amount of TN and subsequent 

mineralization may lead to a positive feedback on plant growth by increasing soil fertility, as 

shown by Brock et al. (2011) who found that mineralization of organic matter generally results 

in higher yield. But, as nutrient demand increases with prolific plant growth, maintaining a high 

SOM level is crucial to maintain high yield level.  

Although the importance of adding legume cover crop to increase SOC and TN in the 

drylands has been noted (Mazzoncini et al., 2011; Zhou et al., 2012; Bunch, 2015), some 

additional measures should be implemented to optimize the benefits of cover cropping. Instead 

of being incorporated into the soil, cover crops biomass can be used as mulch, thus reducing soil 

moisture loss by evaporation (Bayala et al., 2012). A more careful selection of cover crops is 

also recommended for dryland agriculture. Compared to red clover (Trifolium pratense L.) or 

Austrian winter pea (Pisum sativum L.), alfalfa (Medicago sativa L.) only creates a slight 

reduction in soil moisture content while contributing an additional 18 to 20 kg ha-1 of available 

soil N (Blackshaw et al., 2010). Based on numerous findings in degraded regions (e.g., sub-

Saharan Africa or Brazilian tropical Oxisols) (Bagayoko et al., 2000; Chabi-Olaye et al., 2005; 

Fageria et al., 2014; Bunch, 2015; Zingore et al., 2015; Pacheco et al., 2017), we suggested that 
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cover crops could provide a greater range of ecosystem services than chemical fertilizer to 

improve soil fertility and yield in degraded conditions. By mobilizing and accumulating 

previously recalcitrant nutrients and preventing leaching in soil-plant systems, cover crops 

particularly those that produce higher dry matter yield (e.g., lablab bean or Lablab purpureus L., 

ruzigrass or Brachiaria ruziziensis Germain & Evrard or Urochloa ruziziensis) allow better 

nutrient cycling (Fageria et al., 2014; Almeida et al., 2018).  

3.2.4. Cover crops increase soil microbial biomass carbon (MBC), nitrogen (MBN), 

phosphorus (MBP) and colonization by arbuscular mycorrhizal fungi (AMF) 

Our results showed marked effect of crops on several soil biological properties, including   64% 

increase for MBC (n = 53; δMBC = 1.64), 79% increase for MBN (n = 40; δMBN = 1.79) and 26% 

increase for MBP (n = 30; δMBP = 1.26) at sites under cover cropping relative to fallow (Table 6, 

Figs. 6a-c). Increases in MBC, MBN and MBP are likely related to  greater availability of 

organic substrates following cover crops termination and preservation of soil moisture by cover 

crops residue (Table 7), thereby providing favorable growing conditions for soil microbes (Wang 

et al., 2015). Higher concentration of MBC has also been observed in soils with crop rotation 

rather than continuous monoculture (Anderson and Domsch, 1989). Beneficial effects of cover 

crops on soil microbial activity were documented across climatic regions, including in the 

drylands (Venkateswarlu et al., 2007; Acosta-Martínez et al., 2011). The increase in microbial 

biomass with cover crops could potentially be used to reverse low microbial biomass commonly 

observed in intensively-managed agricultural systems receiving high inorganic N fertilizer input 

(Zhang et al., 2017). 

Microbial biomass is a key factor controlling organic nutrient cycling and availability in 

natural systems (e.g., forest), allowing such systems to sustain themselves without any fertilizer 
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addition (Balota et al., 2014). In any agricultural ecosystem, soil microbial biomass provides an 

important ecosystem service by decomposing organic materials and acting as an early indicator 

of changes resulting from soil management and environmental stresses (Baaru et al., 2007). 

Since the increase in microbial biomass occurred following cover crop kill, one could expect that 

there would be high potential available nutrients for subsequent cash crop as decomposition 

takes place. Indeed, there is a strong correlation between soil MBC and MBN with the growth 

and yield of the subsequent cash crop (Wang et al., 2007; Zhang et al., 2017). However, for 

microbial activity to be fully beneficial in terms of agricultural productivity, there is a need to 

synchronize the timing of nutrient release from cover crops and nutrients demand by the 

subsequent cash crop. Such timing will be likely determined by a combination of management 

factors (e.g., cover crop species, time of cover crop kill), climate (e.g., rainfall and temperature) 

and soil properties (e.g., texture, pH) (Wang et al., 2007). As noted previously, physical 

disturbance of soils may occur during incorporation of cover crops residue, and this could nullify 

some of the benefits of cover cropping on soil biology. Across different climatic and edaphic 

conditions, studies have shown a high sensitivity of microbial biomass to tillage (Gosai et al., 

2010; Balota et al., 2014; Kabiri et al., 2016). For example, MBP was two-fold lower in plowed  

than NT soils, and the decrease in MBP with tillage was found to occur much faster than the loss 

of organic P (Balota et al., 2014). Therefore, termination methods (via tilling, or crimping, or 

herbicide application) could determine the net effect of cover crops on soil biology. 

As evidenced by the multiple ecosystem services that it provides, cover 

cropping could be a key component of a sustainable crop production strategy, one that 

relies heavily on soil biological processes. Cover crops, by enhancing soil biological activity, can 
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optimize the use of nutrients by plants and their cycling, and at the same time minimize external 

inputs (Mkangwa et al., 2007). Lending support to this proposition is another service provided 

by cover crops: maintaining AMF inoculum for subsequent cash crops by acting as temporary 

host plants (García-González et al., 2016). Our results showed that % colonization by AMF on 

the subsequent cash crop increased by 40% (n = 61; δAMF = 1.40) with cover crops compared to 

fallow (Table 6, Fig. 6d). Since AMF also help with P solubilization and acquisition by the 

subsequent cash crop, cover crops are effective means to reduce chemical P fertilizer application. 

Cover crops exhibiting high P scavenging capacity (e.g., sorghum, oat, rye and vetch) are 

particularly well suited for this purpose. Indeed, a positive correlation was reported between the 

amount of P absorbed by the cover crops and the amount of P available for the subsequent cash 

crop (Karasawa and Takahashi, 2015). More efficient utilization of nutrients with cover cropping 

would lead to lower soil residual P and a reduction in P loss from agroecosystems (Tables 3 and 

4).  

The effect of cover crop effect on AMF inoculation is notably important in the drylands 

(García-González et al., 2016). The fibrous root system of Poaceae cover crops, for example, 

remains functional even during periods of low soil moisture (García-González et al., 2016). The 

positive effects of cover crop mulching on soil microbes is also apparent for dryland agriculture, 

despite the lack of soil incorporation (Marinari et al., 2015). In fact, soil potential colonization 

by AMF might be negatively affected by soil incorporation of cover crops (Njeru et al., 2014) 

because residue left as mulch on soil surface tended to produce greater amount of fungi 

compared to bacteria (Marinari et al., 2015).  

3.2.5. Cover crops reduce bulk density but had contrasting effects on soil moisture 

depending on depth 
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A concern among some agricultural practitioners is that cover crop can reduce available soil 

moisture. Our results, however, showed that cover crop did not change the amount of residual 

soil moisture in the plant rooting layers (n = 100; δsoil moisture = 1.00), and even increased the 

topsoil moisture by 5% (n = 14; δtopsoil moisture = 1.05) across different agro-climatic regions and 

precipitation amount (Table 7; Fig. 7a).  

 As for studies showing that cover crops reduced the amount of soil moisture compare to 

fallow, the discrepancy in soil moisture between cover crop and fallow disappeared quickly with 

irrigation or rainfall during cash crop growing season, including in the drylands (Salmerón et al., 

2011; García-González et al., 2016) or during dry years (Basche et al., 2016). The top layers of 

fields with cover crops start to thaw earlier, it allows more snowmelt to infiltrate and recover the 

previously lost soil moisture (Kahimba et al., 2008). These results implied that plots previously 

grown with cover crop could readily replenish the water consumed during growth by: (i) 

reducing evaporation and runoff losses with residue cover and physical obstruction to water 

movement, (ii) increasing water infiltration with better porosity and reduced bulk density, and 

(iii) enhanced water storage capacity with increases in SOC (Blanco-Canqui et al., 2011; Basche 

et al., 2016). 

 While the benefit of cover cropping is apparent in the humid region due to soil surface 

protection from high intensity rainfall and improvement in hydraulic conductivity (more 

infiltration, low overland flow) (Islam et al., 2006), it should be noted that there was an 18% (n = 

61) decrease in the deep soil moisture (>60 cm) with cover cropping (Table 7; Fig. 7b), most 

likely as a result of elevated evapotranspiration. With 85% of our data for deep soil moisture (up 

to 2.4 m) coming from drylands, the possibility of having trade-off between one ecosystem 

service and another is higher in the drylands than in their humid counterparts. Given the 
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mechanisms on how dead biomass could retain and/or replenish soil moisture was more apparent 

on the surface, the adoption of cover crops in the dry regions thus required a good forecasting on 

annual rainfall condition (amount and distribution), as well as careful selection of cover crop 

species and the timing of termination. Due to their deep and fibrous rooting system, species from 

Poaceae family generally result in higher evapotranspiration rate than legumes (Duval et al., 

2016). When rainfall condition is unfavorable to support cover crop growth, early cover crop 

termination (i.e., one month before senescence) may offset potential deep soil moisture loss 

without losing the ground cover biomass (Islam et al., 2006). 

Greater soil moisture content combined with lower near surface bulk density (Table 7; 

Fig. 7c) indicated that cover crops could reduce the susceptibility of near-surface soils to 

compaction. Therefore, the addition of cover crops to NT systems is recommended, not only to 

improve  water quality (Daryanto et al., 2017a, b), but also to manage the risks of soil 

compaction (Blanco-Canqui et al., 2011). As opposed to tillage, whose effects on soil porosity 

are temporary, rotation with cover crops enhances soil physical quality (Calonego et al., 2017). 

Some cover crops species act as ‘natural’ tillage (Chen and Weil, 2010) and improve aggregate 

stability (Calonego et al., 2017). Cover crops, particularly those with large taproot diameter (e.g., 

forage radish) (Chen and Weil, 2010), allow the development of macroporosity which is 

essential for water infiltration and oxygen penetration into the soils. The latter is important, not 

only to reduce soil compaction that impairs symbiotic N2 fixation in leguminous cash crop 

rooting system, but also to improve nitrogenase activity and N2 fixation by legumes (Siczek and 

Lipiec, 2011).   

3.2.6. Cover crops reduce weed, but not plant-parasitic nematode incidence 

Cover crops reduced weed density and weed biomass by 10% (n = 251; δweed density = 0.90) and 

5% (n = 253; δweed biomass = 0.95), respectively during the growth of the subsequent cash crop 
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across different cover crop and cash crop combination (Table 8, Figs. 8a-b). The mechanisms for 

weed suppression may include the allelopathic properties of some cover crops (details are 

reviewed elsewhere (Jabran et al., 2015; Shah et al., 2016)), in addition to weeds competition 

during cover crop growth. The latter is an important weed suppression mechanism for winter-

killed and rapidly-decomposed cover crop such as oilseed radish (Lawley et al., 2012). The 

biomass produced by cover crops also allows the suppression of early-season weeds, particularly 

those  requiring light for germination (Teasdale, 1996). In terms of environmental safety, the use 

of cover crops to control weeds is safer compared to synthetic herbicides because the allelopathic 

chemicals have a short half-life in the environment (Shah et al., 2016). 

Given the nature of weed control mechanisms by cover crops, it was unsurprising that 

lower weed biomass and density were observed during early growth of cash crops (Table 8; Figs. 

8a-b). Therefore, additional weeds control is still recommended during the course of the cash 

crop cultivation. Since tillage can negatively affect several soil properties, its use for controlling 

weeds is not recommended. However, prolonged use of herbicide for weed control, including for 

termination of cover crops, should also require careful consideration because residual herbicides 

can reduce cover crop roots development, leading to lower C input and aggregate stability (Rojas 

et al., 2017). Over-utilization of herbicides has led to the escalation of glyphosate-resistance in 

weeds and reduction in water and soil quality. To minimize both soil disturbance and herbicide 

use, the use of mechanical mowing, for example, is recommended.  

Apart from having allelopathic potential for controlling weeds, some cover crops also 

have the capacity to control plant-parasitic nematodes, especially cover crops in the Brassicaceae 

(e.g., oilseed radish or Raphanus sativus L.), Fabaceae (e.g., sunn hemp or Crotalaria juncea L.) 

and Poaceae family (e.g., rye or Secale cereale L.). Yet, our results showed a 29% (n = 106; 
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δnematode abundance = 1.29) increase in the abundance of plant-parasitic nematodes during the 

subsequent cash crop growing season (Table 8, Fig. 8c). These results may be due to a 

combination of factors – both immediate and long-term responses. Dry condition following 

cover crop kill allows rapid volatilization of glucosinate-degradation products, the nematode-

suppressing substances, instead of being transported into the soil (Gruver et al., 2010). Warmer 

soil temperature with cover crops also increase the ability of nematodes to infect plant roots 

(Wheeler et al., 2008), in addition to their availability to become a temporary host during winter. 

Recovery of parasitic nematode populations was observed following the availability of hosts and 

the degradation of alleopathic chemicals (Zahid et al., 2002). While these responses can be 

considered immediate, in a longer term, cover crops may provide a more complex soil food web 

that consists of different functional groups (e.g., bacterial, fungal, and plant feeders, as well as 

their predators). Bacterial- and fungal-feeding nematodes respond quickly to changes in SOM 

content, and they may be beneficial because nematodes have low N needs, but mineralize N into 

plant-available forms (DuPont et al., 2009). Yet, predatory nematodes are sensitive to tillage and 

have slow regeneration (DuPont et al., 2009), which may explain their low buffering capacity to 

prevent plant-parasitic individuals from becoming dominant.  

Currently the effects of cover crops on other pests and diseases remains speculative given 

the inconsistent results reported in the literature. It is possible that pest (Reeleder et al., 2006) 

and disease incidence may increase (Rickerl et al., 1992) because cover crop is included as a 

potential risk factor of increasing pest damage during integrated pest management assessment 

(Furlan et al., 2017). At the same time, cover crops increase the abundance and diversity of 

pollinators (Wratten et al., 2012) as well as natural enemies (Dunbar et al., 2017). These 

beneficial arthropods might be favored by increased biodiversity, alternative resources, greater 
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niche differentiation, and favorable microclimates (Lundgren and Fergen, 2010; Koch et al., 

2015). The ecosystem service of cover crops with respect to pests, diseases and weeds control is 

therefore more intriguing compared to other ecosystem services, probably due to the complexity 

and diversity of the processes involved (e.g., parasitism, predation, competition, facilitation, 

legacy effects of the cover crops), as well as interactions with different tillage, climate, and soil 

conditions (Wortman et al., 2010; Radicetti et al., 2013; Zhong et al., 2015).  

3.2.7. Cover crops increase GHG flux 

Our results showed a 49% (n = 42; δN2O = 1.49) and a 46% (n = 12; δCO2 = 1.46) increase in N2O 

and CO2 emission, respectively with cover crops compared to fallow (Table 9; Fig. 9). Similar 

results were reported from a meta-analysis study by Basche et al. (2014) and are likely due to 

increased decomposition activity by microbes. Although the higher emission of GHGs may seem 

like a drawback to cover crops adoption, it should be noted however, that the total global 

warming potential (GWP) per unit yield tends to be similar or even lower than no-cover crop 

treatments due to cash crop yield increase (Kim et al., 2013). 

Although our analysis on GHG flux was greatly restricted by data availability, we would 

like to highlight the following findings regarding rice (Oryza sativa L.) cultivation. Unlike most  

other cash crops in which methane (CH4) is a small component of GWP (Bavin et al., 2009) and 

most emission occur during the fallow (cover crop growth period) (Jans et al., 2010), with rice 

most of the CH4 emission occurs during the rice growing period (Haque et al., 2015). On annual 

basis, the GWP of submerged rice cultivation increases by 400% with cover crops compared to 

fallow (Haque et al., 2015).  The GWP was found to increase linearly with the amount of cover 

crop biomass (Haque et al., 2017), and especially with high C/N ratio of non-leguminous cover 

crops (Kim et al., 2013).  
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To reduce the amount of GHG emission from rice cultivation, using cover crops with low 

C:N ratio (i.e., legume) (Kim et al., 2013) is recommended, apart from using intermittent, instead 

of continuous flooding (Haque et al., 2017). In addition to fertilizer management, alternate 

wetting and drying methods, and midseason drainage have successfully been used to reduced 

CH4 emission from rice fields without negatively affecting yield (Liang et al., 2017).   

3.2.8. Cover crops increases yield of the subsequent cash crop 

Ultimately, crop yield is the ecosystem service that determines whether cover crops are adopted 

or not by producers. Many farmers are still reluctant to adopt cover cropping practices due to 

uncertainties in the yield of the subsequent cash crops. Research by Roberts et al. (1998), for 

example, suggested that the profitability of cover cropping decreases with decreasing rainfall. 

Although the residue of winter annual cover crops has successfully improved soil water holding 

capacity and infiltration (Bagayoko et al., 2000; Fageria et al., 2005; Sainju et al., 2005), 

prolonged dry periods may diminish the benefits of cover crops (Rusinamhodzi et al., 2011). 

Despite variability in agronomic management, climate and soil factors, our results showed that 

the ‘success’ of cover crops in increasing crop yield (compared to fallow condition) was largely 

determined by: (i) cover crop species – leguminous cover crops generated higher yield increase 

(27%; n = 1005) than non-leguminous cover crops (6%; n = 1282), and (ii) the level of nutrient 

input made to the subsequent cash crop – cash crops with zero N had higher yield increase (29%; 

n = 694) than those with fertilizer N added (9%; n = 1435) (Table 10; Fig. 10). These findings 

corroborate the results of a previous meta-analysis (Miguez and Bollero, 2005) which showed 

that legume cover crops can increase corn yield when no N fertilizer is applied, but this benefit 

decreases when N fertilizer application is made.  
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With the understanding that reduction in the amount of fertilizer input is desirable in 

order to minimize the loss of agricultural nutrients and improve water quality, and in recognition 

of the nutrient-supplying capacity of cover crops, our results showed that legume cover crops 

could be a promising strategy for low-input agriculture (i.e., reducing the amount of synthetic 

fertilizer and replacing it with cover crop biomass). This finding was similar to the results of 

Tonitto et al. (2006), although these authors found a smaller extent of yield increase with legume 

cover crops. Low cover crop coverage could account for the disparity in yield increase since the 

N legume inputs may range from 8 to 350 kg N ha-1, and in general, inputs with more than 110 

kg N ha-1 can result in increased crop yield compared to the non-cover-crop system (Tonitto et 

al., 2006).  

3.3.Managing trade-offs in cover cropping practices 

Based on our results, minimizing the amount of GHG emission is likely to be the management 

priority with cover crops. It should be noted, however, that unlike GHG production which results 

from the (de)nitrification process associated with inefficient N fertilizer use during fallow 

condition, the increase of GHG production with cover crops seems to be the byproduct of 

decomposition process associated with increasing organic matter. If cover crops are used in 

combination with synthetic N fertilizer reduction, they may lead to a tighter coupling of the soil 

N cycle and a reduction in N loss, including the indirect emissions associated with runoff and 

leaching. Priority should be given to rice cultivation because it has been notoriously known as a 

significant CH4 emitter, in addition to N2O. Minimizing the use of tillage as well as using cover 

crops with low C:N ratio may moderate the amount of GHG emission, as suggested by Kaye and 

Quemada (2017) and Basche et al. (2014). But in a changing climate, more detailed N and C 
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budget studies involving a mix species of cover crops are necessary given N2O emission is 

expected to increase with wetter and warmer climate (Griffis et al., 2017).  

 Similarly, the potential ecosystem service or dis-service of cover crops on pest mitigation 

strategies remains speculative given the inconsistent results reported in the literature. How does 

cover crops affect the balance between a pest and its natural enemy population is a research 

question still in its infancy (Murrell, 2017). How does climate change affect interactions among 

pests, hosts and natural enemies are important research questions that need to be addressed in 

order to elucidate trophic linkages (Laws, 2017) and further understand the trade-offs between 

different ecosystem services of cover cropping. For example, seeds predation by faunal activity 

(carabid beetles Pseudoophonus rufipes and Harpalus affinis (Coleoptera: Carabidae)) is a part 

of the natural control method in many weed species. When combined with NT, cover crops 

shelter a higher diversity of granivorous carabids compared to when conventional plowing is 

implemented (Trichard et al., 2013). Because insects activity increased with temperature and 

diversity of (strictly) granivorous carabids (Saska et al., 2010), the combination of NT and cover 

crops could increase the consumption of weed seeds. By contrast, tillage could compromise the 

activity of these weed seed predators across their developmental stages (Blubaugh and Kaplan, 

2015). The selection of tillage management thus can indirectly affect the extent of ecosystem 

services by cover crops. 

Overall, soil functions in many agro-ecosystems are greatly managed to provide the crop 

production service, although yield maximization often compromises other supporting and 

regulating ecosystem services such as nutrient and water cycling. Our results showed that cover 

crops present an opportunity to increase the ecosystem services provided by agricultural systems 

without jeopardizing yield (Fig. 11), consistent with the analysis of Schipanski et al. (2014) 
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based on a simulation model. Yet due to multiple interactions among different ecosystem 

services, the interaction with other management (e.g., tillage) and climate change, there are 

substantial challenges to simultaneously manage these ecosystem services for yield provisioning. 

Therefore, finding the right balance to optimize the benefits of cover cropping is key to greater 

adoption of this management practice. For instance, due to their N2-fixing nature, legume cover 

crops might be less efficient than non-legume cover crops in reducing nutrient loss. Although 

some legume cover crops have allelopathic properties towards weeds and/or pests (e.g., sunn 

hemp, velvet bean or Mucuna pruriens (L.) DC., partridge pea or Cassia fasciculata (Michx.) 

Greene) (Zahid et al., 2002), due to their contribution to soil N content, they may also stimulate 

nematode (DuPont et al., 2009) and weed abundance (Hill et al., 2016). Therefore, using the 

right mixture between legume and non-legume cover crops might be beneficial in terms of 

providing nutrients for optimal yield of the subsequent cash crop while minimizing weed and 

pest incidence, as well as nutrient loss from agricultural fields. Similarly, when cover crop 

biomass production comes at the expense of soil water depletion in dryland regions, selection of 

cover crop species as well as flexibility in the timing of cover crop kill according to the average 

rainfall occurred during fallow period are required. Testing these interactions or trade-offs will 

open new avenues for future research because, as it was acknowledged by Schipanski et al. 

(2014), our current understanding is primarily derived from studies that have examined a single 

service or a subset of services. Research on bundled trade-offs or synergies between different 

ecosystem services have only began to appear in the literature during the last few years, 

including research that focuses on cover crop mixtures and their management (Blesh, 2017; 

Finney et al., 2017; Baraibar et al., 2018).  
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4. Conclusions 

Overall, including cover crop as part of NBS practice is a complex issue, involving climate, soil, 

interactions among organisms, and management. There are potential trade-offs between one 

ecosystem service and another, and such trade-offs are likely to be higher in water-limited region 

or in combination with tillage management. However, considering that most of the 

aforementioned ecosystem services reviewed were largely beneficial to ecosystem health, we 

argue that there would be a greater net benefit of using cover crops in modern agriculture. This 

conclusion is supported by noticeable yield increase with cover cropping under low input 

agriculture (e.g., zero N or organic farming that relies solely on green manure) and potential cost 

savings due to the reduction in synthetic fertilizer N, and to a lesser extent herbicide use. 

Detailed economic analysis and modelling are necessary to calculate the return of different 

production systems involving cover crops because there are multiple costs (e.g., cover crop seed, 

labor) and benefits involved. As some of the ecosystem services may require longer term to take 

effect, such analysis will help determine the level of government incentives that might be 

required (e.g., for maintaining NO3
- level low) to encourage new integration of cover cropping 

into farming practices. This objective must also be supported by site-specific research and an 

education program that accounts for local farming traditions, climate change constraints, and 

availability of technical assistance to producers.   
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Fig. 1. The distribution of the study locations. 
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Fig. 2. The ratio (δ) of soil (a) and water loss (b) under cover crop and fallow condition. Insert: 

box and whisker plot for the same parameters. Y-axis values are the same with the scatter plots. 
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Fig. 3. The ratio (δ) of nitrate loss (a), residual soil nitrate concentration (b-c) and stock (e-f) in 

different soil layer under cover crop and fallow condition. Insert: box and whisker plot for nitrate 

loss (A), topsoil residual soil nitrate concentration (B), plant rooting layer residual soil nitrate 

concentration (C), deep soil residual nitrate concentration (D), plant rooting layer residual soil 

nitrate stock (E), deep soil residual nitrate stock (F). Y-axis values are the same with the scatter 

plots. 
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Fig. 4. The ratio (δ) of dissolved P loss (a), residual dissolved P concentration (b) and stock (c) 

under cover crop and fallow condition. Insert: box and whisker plot for dissolved P loss (A), 

topsoil residual dissolved P concentration (B), plant rooting layer residual dissolved P 

concentration (C), soil residual dissolved P stock (D). Y-axis values are the same with the scatter 

plots. 
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Fig. 5. The ratio (δ) of SOC concentration (a), and stock (b), soil TN concentration (c) and stock 

(d) soil TP concentration (e) under cover crop and fallow condition. Insert: box and whisker plot 

for topsoil SOC concentration (A), plant rooting layer SOC concentration (B), SOC stock (C), 

soil TN concentration (D), soil TN stock (E), and soil TP concentration (F). Y-axis values are the 

same with the scatter plots. 
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Fig. 6. The ratio (δ) of MBC (a), MBN (b), MBP (c) and percentage of mycorrhizal colonization 

of the subsequent cash crop under cover crop and fallow condition. Insert: box and whisker plot 

for the same parameters. Y-axis values are the same with the scatter plots. 
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Fig. 7. The ratio (δ) of bulk density (a) and soil moisture (b-c) under cover crop and fallow 

condition. Insert: box and whisker plot for topsoil moisture (A), plant rooting layer soil moisture 

(B), deep soil moisture (C), topsoil bulk density (D), plant rooting layer bulk density (E). Y-axis 

values are the same with the scatter plots. 
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Fig. 8. The ratio (δ) of nematode abundance (a), weed density (b) and weed biomass (c) under 

cover crop and fallow condition. Insert: box and whisker plot for cash-crop-early-growth-only 

weed density (A), throughout-cash-crop-growing-season weed density (B), cash-crop-early-

growth-only weed biomass (C), throughout-cash-crop-growing-season weed biomass (D), 

nematode abundance throughout cash crop growing season (E). Y-axis values are the same with 

the scatter plots. 
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Fig. 9. The ratio (δ) of CO2 (a) and N2O emission (b) under cover crop and fallow condition. 

Insert: box and whisker plot for the same parameters. Y-axis values are the same with the scatter 

plots. 
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Fig. 10. The ratio (δ) of the overall subsequent crop yield under cover crop and fallow condition 

(a), subsequent crop yield with 0 N fertilizer addition (b), subsequent crop yield with N fertilizer 

addition (c), subsequent crop yield after legume cover crop (d), subsequent crop yield after non-

legume cover crop (e). Insert: box and whisker plot for the same parameters. Y-axis values are 

the same with the scatter plots. 
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Fig. 11. Summary of results on different ecosystem inputs, outputs and processes in agro-

ecosystem with cover crops. *Note that increases are possible with less mobile nutrients which 

tend to accumulate on soil surface (e.g., phosphorus). 
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