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Do cover crop mixtures improve soil 
physical health more than monocultures? 

Humberto Blanco‑Canqui 

Department of Agronomy and Horticulture 
University of Nebraska-Lincoln 

1875 N. 38th Street, Lincoln, NE 68583, USA 
email hblanco2@unl.edu 

Abstract 
Rationale and Purpose — Adding multispecies cover crop (CC) mixtures could 

diversify the current simplified crop rotations and enhance soil health more than 
monoculture CCs. Further, CC mixtures with diverse plant species could adapt 
better to changing climatic and environmental conditions than monoculture CCs. 
However, our current understanding of the soil benefits of CC mixtures is still 
limited. This review discussed whether CC mixtures are better than monoculture 
CCs to improve soil physical health. 

Methods — All studies published up to May 25, 2023, comparing soil physical 
properties between CC mixtures and their constituents grown as monocultures 
were searched in the available databases. To avoid potential sampling bias, only 
studies that compared mixtures against all its constituents grown alone were 
discussed. 

Results —  Cover crop mixture studies on soil physical properties were relatively 
few. Mixtures did not reduce soil bulk density in 83% of cases, penetration 
resistance in 75%, wet aggregate stability in 67%, and dry aggregate stability 
and saturated hydraulic conductivity in 100% compared with monoculture CCs. 
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Mixtures had inconsistent effects on water infiltration and plant available water. 
The number of CC species in the mixture and management duration do not 
differently affect mixture impacts. The limited or no differences in soil physical 
properties between mixtures and monocultures could be due to the similarities 
in CC biomass production and soil C between these two systems. 

Conclusion — Cover crop mixtures do not enhance soil physical properties relative 
to monoculture CCs in most cases. However, the few cases where mixtures out-
performed monocultures suggest soil benefits of mixtures should be evaluated 
on a site-specific basis. More long-term (> 10 yr) data are needed for more de-
finitive conclusions. 

Highlight — Cover crop mixtures do not generally improve soil physical health more 
than monoculture CCs. 

Keywords: Cover crops, Cover crop mixtures, Monocultures, Soil physical health, 
Soil carbon, Cover crop biomass production 

Abbreviation: CC Cover crops 

Introduction 

Intensive agriculture has reduced biodiversity, homogenized agricul-
tural landscapes, and thus reduced the delivery of multiple regulat-
ing, supporting, and provisioning ecosystem services from agricultural 
lands (Duru et al. 2015; Landis 2017; Tamburini et al. 2020). Restor-
ing biodiversity of current cropping systems is imperative to restore 
their ability to provide multiple ecosystem services (Tamburini et al. 
2020). Adding highly diverse multispecies cover crop (CC) mixtures 
to existing cropping systems could be a potential strategy to diversify 
simplified agricultural systems and enhance soil health and services 
(Chapagain et al. 2020; Waring et al. 2023). 

Because each plant species within complex and diverse mixtures 
can perform different functions or services, it is thought that a mix-
ture of different CC species could be more beneficial to soil health 
compared with monocultures (Chapagain et al. 2020; Waring et al. 
2023). Diverse plant species differ in their rooting depths, canopy 
characteristics, biomass production, nutrient requirements, and grow-
ing conditions, which can differently contribute to their adaptation 
and survival (Duru et al. 2015; Finney et al. 2016). Furthermore, a 
monoculture CC can be similar to main crops in terms of resistance 
to climatic and environmental risks, whereas a mixture of diverse CC 
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species could adapt more successfully to changing or differing climatic 
and environmental conditions (Smith et al. 2014; Waring et al. 2023). 

Published data show that addition of monoculture CCs to mono-
crops or simplified crop rotations has generally added some diversity 
and improved soil properties (Schipanski et al. 2014; Blanco-Can-
qui and Ruis 2020). Thus, one may expect that adoption of highly di-
verse multispecies CC mixtures could add even more diversification 
and thus have a greater positive effect on soil health compared with 
monoculture CCs. Indeed, one often hears during conversations or 
reads in non-peer reviewed publications that CC mixtures would im-
prove soil health more than monoculture CCs as the former are com-
prised of diverse plant species. 

Soil health is defined as “the continued capacity of soil to function 
as a vital living ecosystem that sustains plants, animals and humans” 
(Lehmann et al. 2020). Thus, soil health not only refers to the ability 
of the soil to support crop production but also to support the health 
of animals, humans, and the overall ecosystem within the concept of 
One Health (van Bruggen et al. 2019). Indeed, soil health is the basis 
for the maintenance and delivery of soil ecosystem services including 
adaptation to fluctuating climates (i.e., droughts, floods), C and nu-
trient cycling, retention and transformation of pollutants, and others. 
Maintaining or improving the health of soils for the continued delivery 
of soil services is thus imperative. Soil health depends on soil physical 
health, chemical health, and biological health. One of the key compo-
nents of the soil health is thus its physical health. However, our cur-
rent understanding of CC mixture benefits for soil physical health rel-
ative to monoculture CCs is limited. Some questions revolving around 
CC mixtures and soil physical health include: 

• Does a diverse CC mixture improve soil physical health more than 
monocultures? 

• Do the soil physical health benefits of CCs mixtures increase as 
the number of species in a CC mixture increases? 

• What are the potential factors (i.e., CC biomass production, cli-
mate) that may affect differences (if any) in soil physical health 
between CC mixtures and monoculture CCs? 

An examination of published literature focused on CC mixtures 
and soil physical health is unavailable to answer the questions above. 
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A meta-analysis by Florence and McGuire (2020) discussed that CC 
productivity, weed suppression, N retention, soil water conservation, 
soil biology, and crop yields between CC mixtures and monocultures 
did not generally differ, but the review did not specifically discuss soil 
physical health. Also, a review across all CCs and soil physical prop-
erties found that CCs can, in general, improve soil physical properties 
compared with no CCs, but it did not compare differences in soil phys-
ical properties between CC mixtures and monocultures (Blanco-Can-
qui and Ruis 2020) . Thus, the specific objective of this paper was to 
review, synthesize, and discuss whether CC mixtures are better than 
monoculture CCs for improving soil physical health. 

All published studies up to May 25, 2023 comparing soil physi-
cal properties between CC mixtures and their constituents grown as 
monocultures were searched in Web of Science and Google Scholar. To 
avoid potential sampling bias, only studies that compared the CC mix-
ture against all its constituents grown alone were included in this re-
view. Further, only CC mixture studies that included a monoculture CC 
as a treatment and were under the same tillage system and row crops 
or vegetables were reviewed. Study or location counts of CC mixtures 
versus monoculture CCs were employed as a metric to assess whether 
CC mixtures and monocultures differed in their impacts on soil physi-
cal properties. The statistical analysis (e.g., p-value, LSD) reported in 
each paper was used to evaluate whether or not the CC mixtures sig-
nificantly increased, decreased, or had no effect on soil physical prop-
erties compared with monocultures. 

Soil physical health 

Changes in soil physical, chemical, and biological properties are in-
dicators of changes in soil health (Wood et al. 2017; Lehmann et al. 
2020). Thus, soil physical properties are key components of soil health 
assessment. Some of the common soil physical properties include bulk 
density, porosity, penetration resistance, wet aggregate stability, water 
infiltration, saturated hydraulic conductivity, water content at field ca-
pacity (-10 to -33 kPa) and -1,500 kPa matric potentials, plant available 
water, and soil temperature. Soil physical health dictates key soil pro-
cesses including C sequestration (e.g., C protection in soil aggregates), 
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erosion (e.g., aggregation, water infiltration), and compaction (e.g., 
bulk density, penetration resistance) risks, exchange and retention of 
water (e.g., water infiltration, available water), air (e.g., porosity), 
and heat fluxes in the soil, and root development. As result, discuss-
ing whether soil physical properties respond to CC mixtures differ-
ently from their response to monoculture CCs can be relevant to un-
derstand how CC management affects soil physical health. 

Cover crop mixture impacts on soil physical properties 

The literature review shows that studies comparing soil physical prop-
erties between CC mixtures and their constituents are relatively few 
(Tables 1, 2 and 3). It also shows that only select soil physical prop-
erties were studied including soil bulk density, penetration resistance, 
soil aggregate stability, saturated hydraulic conductivity, and plant 
available water. Note that more studies on CC mixtures and soil physi-
cal properties than those synthesized in Tables 1, 2 and 3 are available 
in literature. However, the CC mixtures in such studies did not have 
their constituents present as monocultures in the same experiment 
for a valid comparison between CC mixtures and monocultures. Thus, 
as mentioned earlier, these studies were not included in this review. 
Just as an example, a study comparing CC mixture of tap-rooted and 
fibrous-rooted species against only fibrous species grown as mono-
cultures in the experiment may conclude that CC mixture reduced 
soil compaction risks more than monoculture CCs due to the biodrill-
ing effect of tap-rooted species. However, such conclusion would be 
incorrect as the CC mixture was not compared against tap-rooted CC 
grown alone in the same experiment. 

Soil compaction parameters 

Soil bulk density and penetration resistance are indicators of soil po-
rosity, compaction risks, root penetration, and water, gas, and heat 
flux rates, and other soil dynamic processes. In general, a reduction 
in bulk density and penetration resistance can have positive effects 
on the above processes. The review found 6 studies on soil bulk den-
sity and 4 studies on penetration resistance (Table 1). It indicates that 
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CC mixtures did not significantly reduce soil bulk density in 5 of the 
6 studies (83% of cases) compared with monoculture CCs. Similarly, 
CC mixtures did not significantly reduce penetration resistance in 3 
of the 4 studies (75% of cases) compared with monoculture CCs. The 
synthesis of available literature indicates that CC mixtures do not 
improve soil bulk density and penetration resistance compared with 
monoculture CCs in most cases (> 75% of cases). 

The review also indicates that, in a few cases (< 25% of cases; Table 
1), CC mixtures may have beneficial effects on soil bulk density (Stavi 
et al. 2012) and penetration resistance (Decker et al. 2022) relative 
to monocultures. While most studies show no significant effect of CC 
mixtures, the reduction in soil bulk density and penetration resistance 
in the few cases suggests that the effects of CC mixtures should be as-
sessed on a site-specific basis. For instance, in the few cases where 
CC mixtures reduced soil bulk density and penetration resistance, the 
mixtures included radish CC (Table 1), which suggests that mixtures 
containing brassicas (tap-rooted CCs) could alleviate soil compaction 
risks more than monocultures, potentially due to the biodrilling ef-
fect of tap-rooted CC species. 

Mixing fibrous-rooted CCs with tap-rooted CCs may complement 
each other to reduce compaction risks. A few studies investigated root 
characteristics (i.e., length, diameter) between CC mixtures and mono-
cultures (Yu et al. 2016; Bukovsky-Reyes et al. 2019; Saleem et al. 2020). 
While CC mixtures do not consistently have greater root diameter and 
length than monocultures (Yu et al. 2016; Bukovsky-Reyes et al. 2019), 
a pot experiment in the greenhouse found some species in a CC mix-
ture had larger root area and longer roots compared with monocul-
tures, which is attributed to competition among CC species (Saleem et 
al. 2020). The greenhouse study evaluated crimson clover (Trifolium 
incarnatum), chickling vetch (Vicia villosa), field peas (Pisum sativum), 
hairy vetch (Vicia villosa), mighty mustard (Brassica juncea), and oil-
seed radish (Raphanus sativus), four 3-way mixtures, and a mixture of 
6 species. Field studies are needed to better comprehend differences 
in root architecture between mixtures and monocultures that may de-
velop as a result of potential competition and complementarity of roots 
within CC mixtures (Gastine et al. 2003). In general, data available to 
this point indicate CC mixtures do not appear to alleviate soil compac-
tion more than monocultures in most cases. 
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Soil structural properties 

Wet and dry aggregate stability are the leading indicators of changes 
in soil structural health. Soil aggregation determines soil strength, 
macroporosity, microbial activity, energy fluxes, root growth, C se-
questration, and other processes. Literature review found 7 CC mix-
ture studies on wet aggregate stability and 2 on dry aggregate sta-
bility (Table 2). However, some studies on wet and dry aggregate 
stability had more than one study location within the same study (Ta-
ble 2). Thus, location counts instead of studies are used in this review 
to discuss CC mixture impacts on soil aggregate stability. Wet aggre-
gate stability was examined in 9 study locations, while dry aggregate 
stability in 4 locations (Table 2). Cover crop mixtures had no effect 
in 6 of the 9 locations for wet aggregate stability (67%) and all loca-
tions (100%) for dry aggregate stability compared with monocultures. 
These results indicate that, similar to soil bulk density and penetra-
tion resistance, CC mixtures did not improve soil aggregate stability 
in most situations. 

While CC mixtures had no effect on wet aggregate stability in most 
locations (67%), they increased, reduced or had no effect on wet ag-
gregate stability in the remaining locations (33%) relative to monocul-
tures (Table 2). The latter results suggest that CC mixtures can have 
some inconsistent effects in one-third of cases. The increase in wet 
aggregate stability with mixtures in 2 of the 9 locations can be prom-
ising (Table 2). It is interesting to note that, in cases where mixtures 
increased wet aggregate stability, the mixtures included fibrous- and 
tap-rooted CCs, suggesting potential facilitation between these two 
species (Stavi et al. 2012; Chahal and Van Eerd 2019). Results sug-
gest fibrous-rooted species [e.g., rye (Secale cereale L.), pea] and tap-
rooted (e.g., radish) species may assist each other (root complemen-
tarity) to explore the soil matrix and promote soil aggregation relative 
to monocultures (Stavi et al. 2012). The results also suggest that op-
portunities may exist to promote soil aggregation with mixtures in a 
few cases, but such potential benefits deserve a site-specific assess-
ment of mixture impacts. 

However, the lack of improvement in dry aggregate stability under 
CC mixtures appears to corroborate the limited or no response of dry 
aggregate stability to CC introduction in general. A review of studies 
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across all CCs found that CCs do not generally improve soil dry aggre-
gate stability compared with no CCs (Blanco-Canqui and Ruis 2020). 
Yet, changes in dry soil aggregate stability are an indicator of soil re-
sistance to wind erosion. An increase in soil dry aggregate size with 
CC mixtures would indicate reduced wind erosion potential. While 
the 2 field studies on dry aggregate stability showed no advantage of 
CC mixtures over monocultures, a pot experiment reported that pro-
portion of meso-aggregates (250 to 500 μm) increased while propor-
tion of microaggregates (< 250 μm) decreased as plant diversity gra-
dient increased (Saleem et al. 2020). This suggests that CC mixtures 
can improve soil aggregation in some cases. Additional data on dry ag-
gregate stability under mixtures and monocultures from field experi-
ments are needed to further understand where and when mixtures can 
improve dry aggregate stability and thus reduce wind erosion poten-
tial more than monocultures. Overall, available studies indicate that 
CC mixtures may not improve soil aggregation compared with mono-
cultures in most cases. 

Soil hydraulic properties 

Improving soil hydraulic properties including water infiltration, sat-
urated and unsaturated hydraulic conductivity, and water retention 
(e.g., plant available water) is key to the movement, storage, and over-
all management of precipitation water and hydrology. The review 
found 1 study on water infiltration, 2 studies on saturated hydrau-
lic conductivity and 4 on plant available water (Table 3). Cover crop 
mixtures had no effect on saturated hydraulic conductivity in both 
studies (100%), but they had mixed effects on water infiltration and 
plant available water. Cover crop mixtures increased or had no effect 
on water infiltration, while they increased, decreased, and had no ef-
fect on plant available water (Table 3). These results indicate that CC 
mixtures can have inconsistent impacts on soil water movement and 
retention. 

The lack of consistent impacts of CC mixtures on soil water capture 
and storage has implications for soil water management. For example, 
in water-limited regions, concerns exist that growing CCs can reduce 
available water for the following main crops (Unger and Vigil 1998; 
Nielsen et al. 2015). Some may consider that a mixture of diverse CC 
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species could use less water than monocultures through reciprocal 
facilitation among CC species relative to monocultures. However, re-
search data do not entirely support this consideration (Nielsen et al. 
2015; Khan and McVay 2019). The increase in plant available water 
with CC mixtures in a few cases (Table 3) suggest the discussion or 
identification of factors that may influence the positive impacts of CC 
mixtures on soil hydraulic properties in select cases. 

Potential factors governing cover crop mixture performance 

Aboveground and belowground biomass production Aboveground bio-
mass production of CCs is one of the key parameters that affects CC 
impacts on soil health and ecosystem services. Potential differences in 
biomass production between CC mixtures and monoculture CCs could 
induce differences in soil physical properties. However, a meta-anal-
ysis by Florence and McGuire (2020) comparing CC mixtures against 
all their constituents present as monocultures found aboveground CC 
biomass production between CC mixtures and monocultures did not 
differ in 90% of comparisons. 

Cover crop mixtures do not often outperform high-biomass pro-
ducing monoculture CCs (Florence and McGuire 2020). This suggests 
that differences in biomass production could be driven more by the 
different plant species themselves than by competition and comple-
mentarity in the mixture (Gastine et al. 2003). For example, grass 
CCs such as cereal rye often dominate when mixed with brassicas and 
legumes species (Koehler-Cole et al. 2020). Results further suggest 
that increased species diversity or richness under CC mixtures does 
not always translate into greater CC biomass production nor greater 
improvement in soil physical health relative to monocultures. Thus, 
the similarities in aboveground CC biomass production between mix-
tures and monocultures may explain the mixed or no effects of CC 
mixtures on soil physical properties found in the present review (Ta-
bles 1, 2 and 3). 

The follow-up question is: How about belowground (root) biomass 
production under CC mixtures? Do CC mixtures yield more root bio-
mass than monocultures? The importance of roots for the improve-
ment and maintenance of soil physical, chemical, and biological 
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environment is well recognized (Freschet et al. 2021). Indeed, below-
ground CC biomass can be more relevant to soil erosion control (Yu 
et al. 2016) and soil C accumulation than aboveground biomass (Xu 
et al. 2021). Yu et al. (2016) found that differences in root length and 
root diameter among CC species can be the best predictors of changes 
in soil hydraulic conductivity and runoff amount. They found that 
CCs with coarse and dense roots increased soil hydraulic conductiv-
ity and reduced surface runoff by 17%. Thus, any differences in root 
biomass production between CC mixtures and monocultures could de-
termine the extent to which CC mixtures affect soil physical proper-
ties. However, the few field studies on CC mixtures that characterized 
CC root biomass found that CC mixtures do not produce more root 
biomass than monocultures (Fae et al. 2009; Bukovsky- Reyes et al. 
2019). Thus, belowground CC biomass production, similar to aboveg-
round biomass production, between CC mixtures and monocultures 
does not often differ. 

Soil carbon 

Soil organic C is one of the dynamic drivers of soil aggregation, mac-
ropore development, water transmission, and other soil physical pro-
cesses (Blanco- Canqui et al. 2013). Cover crops are considered a po-
tential management practice to sequester C in the soil and restore 
some of the C lost due to intensive cultivation (Poeplau and Don 2015; 
Jian et al. 2020; McClelland et al. 2021). However, similar to the lack 
of differences in CC biomass production, CC mixtures do not often in-
crease soil C concentration and stocks relative to monocultures. A re-
view by Florence and McGuire (2020) concluded that soil C between 
CC mixtures and their monocultures does not significantly differ in 
94% of comparisons. Thus, the limited impacts of CC mixtures on 
physical properties as compared with monocultures can be partly ex-
plained by the lack of differences in soil C levels between mixtures and 
monocultures. There may be a few cases where CC mixtures accrue 
more soil C than monocultures (Saleem et al. 2020), but evidence to 
state that mixtures consistently accumulate or sequester more soil C 
than monoculture is insufficient based on the available research data. 

Further, initial soil C concentration could affect impacts of CC mix-
tures on soil physical health. Soils with low initial C concentration may 
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benefit more from the addition of diverse CC species than soils with 
high initial C concentration. Most of the available studies on CC mix-
tures were, however, conducted in soils with high initial C concentra-
tion and in temperate regions. These studies showed small or no im-
pacts of CC mixtures on soil physical health. Two short-term studies 
provide some insights into how differences in initial soil C concentra-
tion may affect CC mixture performance. A multi-site study conducted 
in South Dakota, U.S. found that grass, broadleaf, and grass/broad-
leaf CC mixtures did not significantly affect soil health parameters af-
ter one growing season when the experiment was established in soils 
with 4.10% of organic matter (2.4% C) concentration (Bielenberg et 
al. 2023). However, a study conducted in Iran found that chickling pea 
(Lathyrus sativus L.) + barley (Hordeum vulgare L.) and buckwheat 
(Fagopyrum esculentum Moench) + barley CC mixtures increased wa-
ter infiltration compared with buckwheat CC and no CC in a soil with 
1.03% organic matter (0.6% C) after two growing seasons (Ghahre-
mani et al. 2021). These few studies from soils with contrasting or-
ganic matter levels suggest CC mixtures can improve soil properties 
more in soils with low initial C than in those with high initial C con-
centration. Particularly soils under long-term (> 10-yr) no-till man-
agement can have higher soil C concentration in the upper 5 or 10 cm 
soil surface relative to intensively plowed soils. The high initial C level 
in some no-till soils can delay or limit soil benefits from CCs. More 
data from soils with contrasting levels of soil C are needed to eluci-
date the extent to which differences in initial soil C concentration af-
fect soil benefits of CC mixtures and monocultures. 

Seeding rate 

Increasing the CC seeding rates often increases CC biomass produc-
tion (Koehler-Cole et al. 2020; Waring et al. 2023). In the few cases 
where CC mixtures produce more biomass than monocultures, the 
increased CC biomass production may be partly due to high seeding 
rates used for mixtures. The opposite can also be true when low seed-
ing rates are used for mixtures (Waring et al. 2023). Thus, differences 
in CC seeding rates can be a potential confounding factor when com-
paring impacts of mixtures and monocultures on CC biomass produc-
tion and thus soil physical health. In a review, Florence and McGuire 
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(2020) found that CC mixtures can produce more biomass than mono-
cultures in 2% of comparisons and not in 98% of comparisons, but 
the increased biomass in the 2% of comparisons was confounded with 
the effect of high seeding rate under CC mixtures. 

Accounting for the differences in seeding rates between CC mixtures 
and monocultures among studies can be important to better discern 
CC mixture impacts. Under real world conditions, seeding rates for CC 
mixture are often adjusted or altered after CC adoption to help with CC 
success, but this alteration in seeding rates can make the comparison 
of impacts of mixtures and monocultures on soil physical health dif-
ficult (Antosh et al. 2020). Developing optimum seeding rates for CC 
mixtures and monocultures is a research need. Currently, seeding rates 
within mixtures are often determined by dividing the monoculture seed-
ing rate over the number of CC species in the mixture. 

Cover crop species 

While available literature indicates CC mixtures generally do not im-
prove soil physical health more than monocultures, in a few cases, CC 
mixtures can be better than monocultures. One factor that may affect 
such superiority can be the type of CC species in the mixture (Ghahre-
mani et al. 2021). For example, combining grasses and legume CCs 
may perform better than some constituents or other mixtures (Mur-
rell et al. 2017). In Alabama, U.S., cereal rye–clover CC mixture pro-
duced more biomass compared with clover, radish, and clover–rad-
ish mixture in 1 of 2 sites (Decker et al. 2022). Adding grass CCs to 
a mixture can thus increase CC biomass production relative to other 
CCs. In Ohio, U.S., Stavi et al. (2012) found that Austrian winter peas 
+ radish CC mixture improved soil properties more than radish but 
did not differ from Austrian winter peas. As discussed earlier, bras-
sicas could likely benefit from the addition of CCs with fibrous roots 
for improving soil properties. Cover crop mixtures may develop dif-
ferent root characteristics (e.g., diameter, length) through the poten-
tial facilitation or complementarity among CC species. The different 
root characteristics with CC mixtures may manifest in differences in 
some soil properties (e.g., penetration resistance), which deserves fur-
ther assessment. Thus, performance of CC mixtures can depend on 
the proper selection of CC species for the mixtures. 
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Number of cover crop species in the mixture 

It is often thought that increasing the number of species in a CC mixture 
would increase the soil benefits of mixtures (Khan and McVay 2019). 
The few studies that evaluated changes in soil physical properties under 
2-way, 3-way, and other multiple combinations of CCs indicate that the 
number of species in the mixture does not differently affect soil phys-
ical properties (Holman et al. 2018; Antosh et al. 2020; Acharya et al. 
2022; Decker et al. 2022). Most studies have evaluated 2-way combi-
nations of CCs. In the few cases when mixtures increase CC biomass 
production and improve some soil properties, changes appear to oc-
cur under 2 to 4 CC species in the mixture. Thus, 2 to 4 species in a CC 
mix may be the “optimum” number of species for a mixture, depending 
on the multifunctionality of CC species in the mixtures (Murrell et al. 
2017; Bybee-Finley et al. 2022). A systematic long-term assessment of 
multiple combinations of CCs within the same study can help with the 
identification of the right combinations to improve soil physical health. 

Time after introduction of cover crop mixtures 

Time after CC adoption can be an important parameter that could in-
fluence the extent to which CCs affect changes in soil properties. For 
example, many soil physical properties are slow to change and signif-
icant changes may not be observed in the short term (< 5 yr). Accord-
ing to Tables 1, 2 and 3, duration of the CC mixture experiments in the 
studies available ranged from 2 to 8 yr. Long-term (> 10 yr) experi-
ments under CC mixtures are unavailable to fully understand how CC 
mixtures and monocultures compare in their impacts on soil physi-
cal health. The available medium-term (5–8 yr) studies in Tables 1, 2 
and 3 indicate that management duration of CCs, similar to other fac-
tors, appears to have limited influence on how CC mixtures affect soil 
physical health relative to monocultures in the medium term. How-
ever, the potential factors affecting performance of CC mixtures most 
probably interact. No single factor can fully explain impacts of CC mix-
tures. For example, in a few cases, CC mixtures may significantly im-
prove soil properties even in the short term (< 2 yr) when soil initial 
C level is low (Ghahremani et al. 2021). In general, low C soils could 
rapidly respond to CC introduction and biomass C input. 
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Fluctuations in weather 

Fluctuations in precipitation and temperature from year to year of-
ten have greater influence on CC biomass production than CC species 
or CC mixtures (Antosh et al. 2020; Agarwal et al. 2022). However, 
it is considered CC mixtures may be less subject to year-to-year vari-
ability in weather than monocultures due to the inclusion of diverse 
CC species in mixtures (Khan and McVay 2019; Waring et al. 2023). 
Inclusion of different CC species in mixtures can allow natural selec-
tion of best-performing CC species within mixtures under fluctuating 
climates (Waring et al. 2023). In temperate regions, cereal rye and 
triticale are some of the grass CC species that dominate other species 
within mixtures. In addition to annual fluctuations in weather, rota-
tion phase of the main crops can also contribute to the variability in 
CC biomass production from year to year. For instance, crops receiv-
ing limited or no fertilization within a rotation can deplete nutrients in 
the soil and reduce biomass production of the subsequent CCs (Agar-
wal et al. 2022). Conducting long-term CC studies can be valuable to 
better understand how fluctuations in weather affect CC biomass pro-
duction between mixtures and monocultures. 

Research needs 

A number of research needs remain for a robust comparison of changes 
in soil physical properties between CC mixtures and monocultures: 

1. While many have compared soil physical properties between CC 
mixtures against monoculture CCs, about 50% of studies did not 
have all the constituents grown as monocultures within the same 
experiment needed for valid comparisons. A need thus exists to 
conduct additional studies of CC mixture with all its components 
grown as monocultures across different environments and CC man-
agement scenarios for more valid conclusions. It is worth noting 
that if the purpose is sustainable intensification for nutrient man-
agement, mixing different CC species (legumes and non-legumes) 
without having their counterparts grown as monocultures could be 
methodologically valid to obtain species-specific benefits. For ex-
ample, non-legume CCs such as cereal rye can scavenge nutrients, 
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while legume CCs can fix N from the atmosphere (Antosh et al. 
2020). Indeed, most of the published studies on CC mixtures have 
focused on soil fertility improvement or nutrient availability for the 
subsequent crops. However, the relatively few studies comparing 
CC mixtures against their constituents grown as monocultures do 
not support the idea that mixing CC species (e.g., legumes vs non-
legumes) for nutrient management would also benefit soil physi-
cal health. 

2. Most of the published studies comparing CC mixtures against mono-
culture CCs are short term (< 5 yr). If the goal of establishing CC 
mixtures with diverse plant species is to somewhat mimic natu-
ral systems, which have been in place for many decades or centu-
ries, then CC mixtures many need to be planted year after year for 
many decades within the same study location to detect any posi-
tive effects of CC mixtures in the long-term (> 10 yr). Conducting 
long-term studies on CC mixtures and monocultures does not come, 
however, without challenges including cost (e.g., seed, equipment), 
time, labor, and management skills (Clay et al. 2020). For instance, 
most funding agencies provide financial support for short-term (3 
or 4 yr) projects. The short-term studies do not allow sufficient 
time for a robust understanding of how CC mixtures and mono-
cultures may impact soil health and soil ecosystem services in the 
long term. Especially, management induced changes in soil phys-
ical properties are often measurable in the long term. Long-term 
funding and extended cost-share programs can be valuable to im-
plement long-term CC studies and assess the potential benefits and 
tradeoffs between CC mixtures and monocultures. 

3. Furthermore, in natural systems, diverse plant species (i.e., peren-
nials) grow for most of the year. In contrast, CCs including mixtures 
are often grown for a few months between main crops, which may 
be too short to fully capture any potential benefits from CC mix-
tures. Extending CC growing season by planting early (interseed-
ing) or planting after short-season cash crops could be a strategy 
to enhance biomass production from CCs and better discern if CC 
mixtures outperform monoculture CCs. 

4. While many reported data on aboveground CC biomass produc-
tion under CC mixtures (see the review by Florence and McGuire 
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2020), limited or no information exists on how CC mixtures affect 
the belowground biomass production. Available data indicate that 
CC mixtures do not increase aboveground biomass production over 
monoculture CCs in most cases (Florence and McGuire 2020), but 
the same cannot be concluded about belowground CC biomass pro-
duction response when experimental data are few. The limited data 
on belowground (root) CC biomass in literature can be partly at-
tributed to the challenges associated with root assessment meth-
ods unlike with aboveground biomass assessment methods. The 
available methods for root biomass quantification, which include 
mechanical (i.e., hydropneumatic elutriation system) washing, and 
hand washing are often time-consuming and laborious. Also, it is 
often difficult to accurately quantify CC root biomass in the soil. For 
example, fine roots, which are the largest fraction of roots under 
young plants such as CCs grown for a few months, cannot be eas-
ily identified or separated from the soil and other crop roots dur-
ing measurements. 

5. Most studies on CC mixtures have been conducted in regions with 
high precipitation (> 500 mm). Additional CC mixture studies from 
different climatic regions are needed to further evaluate whether 
CC mixtures are better than monocultures across contrasting re-
gions, particularly in the long term. 

6. Cover crop mixture studies often focus on CC biomass production 
and main crop yields. Data on soil physical and hydraulic proper-
ties, which affect many soil services (i.e., erosion, productivity) 
are limited under different scenarios of CC mixture management. 

7. Research on CC species complementarity within a CC mixture is 
needed to better understand how functions from diverse CC spe-
cies can enhance soil physical properties and thus soil health from 
CC mixtures as compared with monocultures. Simply mixing CC 
species without a full understanding of how each CC species would 
contribute to some collective soil service such as soil physical health 
may not fulfill a specific desired goal from CC mixtures. 

8. Increasing the CC seeding rates can increase CC biomass production 
up to an optimum level. However, an increase in CC seeding rate 
increases seed costs and total CC production costs. Also, CC seed-
ing rate depends on CC species. For example, grass CCs are often 
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commonly planted at higher seeding rates than other CC species. 
Thus, identifying the optimum seeding rate for CC species for each 
mixture and monoculture is a need to maximize CC biomass pro-
duction while reducing CC production costs. The optimum seeding 
rates should be identified for multiple combinations of CCs in mix-
tures including 2-way, 3-way, and 4-way combinations. 

Conclusions 

Available research data at this point do not appear to support the idea 
that increasing diversity of CC species in a mixture will enhance soil 
physical properties and thus soil physical health relative to monocul-
ture CCs. When CC mixture is compared with all its constituents pres-
ent as monocultures, CC mixtures do not reduce bulk density and pen-
etration resistance nor increase saturated hydraulic conductivity, and 
available water in most studies. The lack of positive CC mixture ef-
fects on soil physical health relative to monocultures in most situa-
tions suggests that the diversity-productivity theory from ecology in-
dicating that diverse plant species would deliver more services and 
improve soil properties more than monocultures may not fully apply 
to CC mixtures in most cases (Tilman 1999; Isbell et al. 2015). Cover 
crop mixtures differ from perennial diverse plant species in that CC 
mixtures are composed of annual species and often grown for a few 
months relative to perennial species. In agreement with some of the 
individual studies on CC mixtures, this review suggests that if the goal 
is to enhance soil physical health, planting high-biomass producing 
monoculture CCs could be more cost effective than diverse and costly 
CC mixtures. 

The limited or no effects of CC mixtures in soil physical health may 
be due to the similarities in CC biomass production and soil organic 
C concentration between mixtures and monocultures. Also, the num-
ber of CC species in the mixture, duration, climate, and other factors 
do not appear to affect differences between mixtures and monocul-
tures, but additional long-term (> 10 yr) research data are needed 
to better understand potential factors affecting CC mixture perfor-
mance. Moreover, because the magnitude of response or no response 
of soil properties depended on the CC mixture comparison type, future 
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studies should only compare CC mixture against all its constituents 
present as monocultures within the experiment for valid conclusions. 
Additionally, the results in the present review showing that CC mix-
tures can have some benefits over monocultures in a few cases sug-
gest that soil benefits of CC mixtures should be evaluated on a field- 
or site-specific basis. Overall, review of published literature indicates 
that CC mixtures do not generally improve soil physical health more 
than monoculture CCs.   
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