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The acquisition of macro-
and micronutrients is
synergistic in species
mixtures: example of mixed
crucifer-legume cover crops

Antoine Couëdel 1,2*, Lionel Alletto 1 and Éric Justes 1,3

1AGIR, Université de Toulouse, INRAE, Castanet-Tolosan, France, Castanet-Tolosan, France, 2AIDA,
Univ Montpellier, CIRAD, Montpellier, France, 3CIRAD, Persyst Department, Montpellier, France
Cover crops are often mentioned as a way to decrease nutrient losses during the

fallow period. Species mixtures of crucifer-legume have been shown to

effectively take up nitrogen (N) and sulphur (S) to decrease losses due to

leaching, but their ability to simultaneously take up other key macro- and

micronutrients remains unknown. Our study assessed the performances of a

wide variety of bispecific crucifer-legume mixtures to provide synergetic uptake

of multiple nutrients to target nutrient-recycling ecosystem services. Cultivars

from eight crucifer and seven legume species were tested as sole and bispecific

cover crops at an experimental site near Toulouse, France. Sevenmacronutrients

(C, N, P, K, S, Ca and Mg) and six micronutrients (B, Cu, Mn, Zn, Fe and Na) were

measured in both species. Crucifer-legume mixtures showed synergetic uptake

of nutrients per ha compared to sole cover crops for some nutrients through

niche complementarity and facilitation processes and net competition for other

nutrients. Species mixtures induced both i) higher nutrient concentrations for Mn

and Fe in crucifers and Ca and B in legumes) and ii) lower concentrations for P, K,

Ca and B in crucifers and Cu and Fe in legumes, indicating that the interactions

differed among the species mixtures. Nevertheless, the nutrient uptake

measured in shoots were always higher in species mixtures than in sole crops

(LER > 1) demonstrating the compatibility and complementarity of crucifer and

legume mixtures in providing multiple-nutrient catch-crop and recycling related

ecosystem services. Despite overall positive interactions and synergetic

complementarities, the results also highlight that some net negative

competition occurred for some nutrients. Thus, further investigation is still

necessary to completely understand the processes behind multiple-nutrient

acquisition in species mixtures.

KEYWORDS

intercropping, cover crop, macronutrient, micronutrient, interspecific interactions,
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Introduction

Nutrient availability is one of the main factors that influence soil

fertility and plant growth in natural and agricultural systems

(Halvin et al., 2005). Soil erosion and leaching are major causes

of nutrient loss in agroecosystems that are often increased in

intensive agricultural systems due to over-fertilisation, tillage and/

or leaving soils bare during periods of high rainfall (Drinkwater and

Snapp, 2007; Justes, 2017). The most important nutrients for plant

growth are not equally sensitive to leaching and erosion.

Macronutrient anions such as nitrate (NO3
-) and sulphate (SO4

2-)

are highly mobile and leachable in soils (Thorup-Kristensen et al.,

2003). Cations such as ammonium (NH4+), calcium (Ca2+),

magnesium (Mg2+) and potassium (K+) can also be leached

(Lehmann and Schroth, 2003), but in smaller quantities than

NO3
- (Halvin et al., 2005). While Mg2+ is more leachable than

Ca2+, loss of Mg can sometimes exceed the subsequent plant

requirement (Mengel et al., 2001; van der Heijden et al., 2014).

Phosphorus (P) is mostly immobile in the soil, so its leaching is

negligible, but it is sensitive to erosion by runoff (Torstensson et al.,

2006; Aronsson et al., 2007). Among the micronutrients, boron (B)

and manganese (Mn) are susceptible to leaching, while zinc (Zn)

and copper (Cu) are more tightly bound to organic matter than

other micronutrients and are thus less mobile and susceptible to

leaching (Halvin et al., 2005).

Under temperate conditions, heavy rainfall during the fallow

period exposes bare soil to runoff and leaching between two main

cash crops; this period thus has a high risk of nutrient losses (Carranca,

2012; Justes, 2017). Growing cover crops during the fallow period can

provide multiple ecosystem services (Justes, 2017; Couëdel et al., 2019;

Lavergne et al., 2021; Scavo et al., 2022; Van Eerd et al., 2023). For

example, it is an effective solution for 1) reducing potentially leachable

nutrient concentrations in the soil solution (Thorup-Kristensen et al.,

2003; Constantin et al., 2010; De Notaris et al., 2018), 2) reducing the

amount of water drained (Meyer et al., 2019) 3) reducing soil erosion

by water and wind (Blanco-Canqui et al., 2015; Basche et al., 2016;

Blanco-Canqui, 2018; Mohammed et al., 2021) and 4) improving soil

physical properties (Blanco-Canqui and Ruis, 2020; Haruna et al.,

2020). Besides their ability to take up nutrients from the soil, cover

crops can also make nutrients available for the next crop through

mineralisation of crop residues following termination (Thorup-

Kristensen et al., 2003). Surprisingly, besides the well-known

nitrogen (N) cycle, the potential of cover crops to take up and

recycle other nutrients has rarely been quantified. The few studies

that have assessed the ability of cover crops to simultaneously take up

multiple nutrients revealed variability in performances among families

and species (Wang et al., 2008; Wendling et al., 2016). An effective

option to encourage synergetic uptake of multiple nutrients by cover

crops combines a variety of families that have different characteristics

and performances. Thus, species mixtures of cover crops could be a

solution to increase nutrient uptake over that of sole cover crops due to

niche complementarity and facilitation processes.

The review of Xue et al. (2016) highlighted that bispecific cereal-

legume cash-crop mixtures grown for grains could increase the

uptake of several soil nutrients through root-architecture

complementary and differences in requirements between species.
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Studies of cash crops have shown that Zn and Fe concentrations in

legumes increase when mixed with a cereal , through

complementarity for resources and interspecific facilitation (Zuo

and Zhang, 2008; Zuo and Zhang, 2009). However, antagonism in

nutrient acquisition was also observed, e.g when mixed with maize,

peanut had higher Fe, Zn, P and K concentrations, but lower Ca

concentrations and no change in Mn or N concentrations (Inal

et al., 2007). Similarly, Xia et al. (2013) observed that N, P, K, Ca

and Mn concentrations in cucumber shoots and roots were

significantly higher when grown in a species mixture with green

garlic, but Mg concentrations were lower than those in sole crops.

Such trade-offs in simultaneous nutrient acquisition require

assessing cover crop mixtures to determine their potential to

provide nutrient ecosystem services for leaching mitigation and

recycling to the next cash crop.

Among families used in cover cropping, crucifers (Brassicaceae)

are the most effective catch crops for nitrogen (N) and sulphur (S)

uptake (Couëdel et al., 2018a; Couëdel et al., 2018b) while legume

(Fabaceae) cover crops are especially useful for providing

exogenous N to the system thanks to biological symbiotic fixation

(Jensen, 1986; Tribouillois et al., 2016). Crucifer-legume mixtures

grown as cover crops showed complementarity in providing

ecosystem services related to N and S cycles (Couëdel et al.,

2018a; Couëdel et al., 2018b). However, the only study we

identified in the scientific literature that focussed on multiple-

nutrient acquisition by crucifer-legume cover crop mixtures was

published by Koefender et al. (2016), who showed that a mixture of

radish and vetch took up more nutrients than when in sole crops

and more than oat-vetch mixtures. Despite their benefits in

mixtures, crucifers may be a poor companion crop for nutrient

acquisition, as they cannot host arbuscular mycorrhizal fungi

(AMF) and thus may negatively (or at least not positively) impact

legume nutrient acquisition. Indeed, AMF facilitate acquisition of

nutrients such as P, Mn, Ca, Fe and B in many mixtures of plant

species (Jin et al., 2014; Teste et al., 2014). Moreover, potential

negative effects of a crucifer companion crop on the acquisition of

nutrients involved in symbiotic N fixation by legumes (e.g. P, Fe,

Mo, Cu) need to be assessed (O’Hara et al., 1988; Brear et al., 2013).

Legumes can be good companion crops as they facilitate the uptake

of certain nutrients (e.g. P, K, Ca, Mg) by crucifers. Indeed,

symbiotic N fixation by legumes liberates protons that acidify the

rhizosphere, increasing the solubilisation of nutrients potentially

available to the crucifer (Hauggaard-Nielsen and Jensen, 2005;

Hinsinger et al., 2011; Tang et al., 2021).

The goal of our study was to analyse the potential of multiple-

nutrient acquisition to provide multiple ecosystem services in

bispecific crucifer-legume cover crop mixtures. Our specific aim is

to propose a methodological analysis on a first dataset in order to

illustrate an ecological theory using agronomic data, never

demonstrated for crop multi-elements uptake. We believe that

this novelty would be very useful in the literature as a first step to

understand competition between cover crop mixtures for multi-

nutrients. To this end, we tested a wide variety of species, including

several cultivars. The objectives of our methodological analysis were

to 1) analyse all essential macronutrients (carbon (C), P, K, Mg and

Ca) and the most important micronutrients (Mn, Cu, Fe, B, Zn and
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Na) and 2) assess the complementarity and facilitation

performances of bispecific crucifer-legume cover crops in

acquiring these nutrients. The original method used is the “4C”

approach developed by Justes et al. (2021), which assesses effects of

competition, complementarity, cooperation (facilitation) and

compensation in species mixtures grown in agroecosystems for

providing ecosystem services.

We tested two hypotheses for using cover crop sole crops and

species mixtures in short (summer to mid-autumn) fallow periods:
Fron
1) The relation (complementarity or competition) between

crucifers and legumes depends on the nutrient considered

and the species mixed.

2) Bispecific mixtures mutualise their acquisition of multiple

nutrients, unlike when the species are in sole crops, mainly

due to the niche complementarity of nutrient uptake

capacity and root systems when exploring the soil.
Materials and methods

Experimental design and cover
crop management

A field experiment was conducted in 2014 at the Lamothe

experimental farm of INP Purpan, which is located at Seysses, in

south-western France (43.506° N, 1.237° E), and has a silty clay

loam soil. According to the Köppen climate classification, Lamothe

has an oceanic climate (temperate without a dry season but with

warm summers). Cover crops were sown on 19 August and

terminated on 4 November. Cumulative rainfall during the

growing period was 140 mm, and the mean temperature was 19°

C (see Table S1 for monthly climate averages). The soil mineral N

content at sowing was 93 kg N ha−1 (see Table S2 for more detailed

soil chemical characteristics). The experiment followed a

completely randomised design with three replicates in blocks (See

Figure S1 for detailed field scheme). Each elementary plot, which

contained 10 rows per treatment, measured 18 m2 (12 x 1.5 m). To

avoid confounding effects of plant-plant interactions between

adjacent treatments, only the six rows in the middle of each plot

were harvested and used for soil measurements.

Cover crop species were selected for their ability to grow rapidly

during a short fallow period in the autumn and to maximise the

services related to N and S (Couëdel et al., 2018a; Couëdel et al.,

2018b). Crucifer and legume species and cultivars were selected for

their diversity in shoot and root architecture, sensitivity to

photoperiod and precocity. All bispecific mixtures (Table S3)

contained one crucifer and one legume and were designed to

minimise competition according to expert knowledge and

recently published information (Tribouillois et al., 2016).

Therefore, only mixtures of species that had already been

identified as compatible and having good growth performance

when intercropped were tested, to keep the experiment within the

human and financial resources available. The following five crucifer

species were used: rape (Brassica napus L.), white mustard (Sinapis
tiers in Agronomy 03
alba L.), Ethiopian mustard (Brassica carinata A. Braun.), turnip

rape (Brassica rapa L. subsp. oleifera) and radish (Raphanus sativus

L.). The following seven legume species were used: Egyptian clover

(Trifolium alexandrium L.), crimson clover (Trifolium incarnatum

L.), common vetch (Vicia sativa L.), purple vetch (Vicia

benghalensis L.), hairy vetch (Vicia villosa Roth.), Narbonne vetch

(Vicia narbonensis L.), soya bean (Glycine max (L.) Merr.) and faba

bean (Vicia faba L.). Three additional crucifer species (Indian

mustard (Brassica juncea L. Czern.), turnip (Brassica rapa L.

subsp. rapa) and rocket (Eruca sativa Mill.)), along with more

cultivars of the five original crucifer species, were tested only in sole

crops to assess shoots and roots nutrient concentrations and uptake

in a wider range of species and cultivars (Table S3). Supplementary

information displaying results on this larger range of crucifer sole

crops are available in Figures S1, S2 and Table S4.

Species grown as sole cover crops were sown at densities

recommended for cover crops to obtain plant cover with similar

densities and rapid growth and soil coverage. Sowing densities for

sole cover crops were 800 seeds m-2 for all clover species; 150 plants

m-2 for Ethiopian mustard; 100 plants m-2 for white mustard and all

vetch species; 80 plants m-2 for rape, radish and turnip rape; 70 plants

m-2 for soya bean and 40 plants m-2 for faba bean. Sowing densities

for bispecific mixtures were half of the corresponding sole cover crop

density of each species (50% crucifers and 50% legumes) to create a

substitutive design of species mixtures. Seeds of both species were

mixed in the row and sown with an experimental seeding machine,

similar to a seed drill, to obtain a homogenous mixed-plant cover

crop in the row to maximise plant-plant interactions.

After shallow tillage, seeds were sown 1.5-2.0 cm deep in rows 15

cm apart. The percentage of each sown species was monitored during

crop emergence. Irrigation (30 mm) was applied after sowing to

ensure homogeneous emergence and establishment of cover crops.

Irrigation and fertilisers were not applied during the cover crop

growing period to mimic “normal farming conditions”. The

experimental field had previously hosted crop rotations with rape,

and neither the rotation in general nor the rape in particular had

experienced N or S deficiency. In addition, just before the experiment,

no soil-nutrient deficiencies were detected according to French soil-

analysis standards (Table S2). We thus assumed that nutrients in the

soil were not a limiting factor in our experiments, in particular for the

cover crops, which have a shorter growing period and thus produce

less biomass, which decreases nutrient requirements. An anti-grass

herbicide (Axéo®) was sprayed at 1.2 litre per hectare to control a

strong emergence of weeds (mainly annual grasses) in September to

decrease the influence of extraneous factors.
Plant sampling

Cover crops were sampled 2.5 months after sowing, which is

consistent with the usual practice of incorporating cover crops into

the soil before sowing the next winter crop, as autumn is warm and

rainy in this region, which promotes rapid growth of cover crops. All

above-ground biomass and, for crucifers alone, root biomass, was

collected from 1m2 per replicate (more precisely, two 0.5 m2 quadrats

were randomly put in each 12 m plot length). Roots were collected to
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a depth of ca. 30 cm by digging with a fork. The roots of legume

species were not considered in the results due to technical difficulties

in sampling fine roots in the silty clay loam soil of the study site. Most

of the root biomass of legumes is composed of fine roots, while the

roots of crucifers are generally tuberous, which makes them easier to

collect andmeasure more accurately. Shoots and roots were separated

using a sharp knife and secateurs, and the root systems were carefully

washed with cold water to remove the remaining soil. Samples were

washed, dried at 80°C for 48 h, weighed and ground to measure total

C, N, S, P, K, Ca, Mg, Na, B, Cu, Fe, Mn, and Zn via elemental

analyses based on the Dumas method (Elementar MicroVario Cube,

Germany) for C and N, and by inductively coupled plasma - atomic

emission spectroscopy (ICP-AES) for the other nutrients (at the

SADEF-accredited laboratory, Aspach-le-Bas, France).
Indicators used to characterise
mixture performances

The land equivalent ratio (LER), defined as the sole crop area

required to reach the same biomass as a multi-species mixture or

intercrop (Willey, 1979), equals the sum of the partial LER (pLER)

of each mixed species. We used the LER index to assess nutrient

uptake as Couëdel et al., 2018a; Couëdel et al., 2018b did for N and S

acquisition, and applied here for all nutrients analysed:

LER = pLER _C + pLER _ L (Eq:1)

pLER = NutrientupIC=NutrientupSC (Eq:2)

where pLER_C and pLER_L are the pLER of mixed crucifers

and legumes, respectively, NutrientupIC is the nutrient uptake of the

given nutrient for a given species (crucifer or legume) in the

mixture, and NutrientupSC is the nutrient uptake of the same

species as a sole cover crop.

LER > 1 indicates that the bispecific mixture takes up resources

more efficiently than the species grown as a sole cover crop (i.e.

complementarity exceeds competition). In contrast, LER< 1 indicates

that competition exceeds complementarity for resource uptake, while

LER = 1 indicates that the balance of plant-plant interactions is null. In

a substitutive design (50% of each sole cover crop species), pLER > 0.5

indicates that, at the plant level, the species takes upmore nutrients in a

mixture than as a sole cover crop, while pLER< 0.5 indicates that

interactions in the mixture negatively influence the species’ nutrient

uptake. Overall, when the two pLERs are significantly greater than 0.5,

which yields a LER significantly greater than 1, complementary and

facilitation processes are stronger than competition in plant-plant

interactions. Inversely, when the two pLERs are less than 0.5,

competition processes are stronger than complementarity for

nutrient uptake (Justes et al., 2021).
Statistical analysis

Analysis of variance (ANOVA) was used to assess effects of

cover crop species and cover crop type (i.e. sole crucifer, sole legume

or mixture) on nutrient acquisition per unit area (kg ha-1). Tukey’s
Frontiers in Agronomy 04
post-hoc test was used to distinguish differences among cover crop

types for each nutrient. Normality was tested using the Shapiro-

Wilk test while homoscedasticity was tested using the Bartlett’s test.

Percentage data were non-normal after arcsine-square root

transformation, then nonparametric Wilcoxon tests were

performed to test 1) differences in nutrient concentration between

sole and mixed crucifers or legumes, and 2) the significance of

differences in LER between cover crops and their relative difference

from 1.0 (i.e. the net neutral effect of the 4C processes), as well as

those between pLER_C and pLER_L and 0.5 (i.e. the net neutral

effect at half density). Statistical analysis was performed using R

software (R core team, 2023), and differences among treatments

were considered significant at P< 0.05. Cultivar data were pooled as

no significant differences in nutrient concentrations or acquisition

were observed between cultivars. Results were then analysed by crop

family and species to increase the robustness of the results and to

highlight key points.
Results

Nutrient concentrations in crucifer and
legume mixtures

Nutrient concentrations of mixed crucifers and legumes differed

from those in their respective sole crops (Figure 1). For crucifers, Fe

(+350% in shoots, +228% in roots in mixtures) and Mn (+40% in

shoots, +200% in roots in mixtures) were the only nutrients with

significantly higher concentrations in both mixed shoots and roots

compared to sole cover crops (Figure 1) especially for radish and

turnip rape (Table 1). Mg (+15%) and Cu (+20%) concentrations

were significantly higher in crucifer mixed roots only (Figure 1;

Table 1). In comparison, concentrations were significantly lower in

crucifer mixture shoots than those in sole cover crops for P (-8%,

especially for radish), K (-13%), Ca (-21%, except for Ethiopian

mustard) and B (-25%). C (-8%) and Na (-24%) concentrations were

significantly lower in crucifer mixture roots than those in sole cover

crops (Figure 1; Table 1). Zn was the only nutrient with higher

concentrations in crucifer mixture roots (+21%), while it was lower in

mixture shoots (-10%). The concentrations of other macronutrients,

such as N and S, did not differ significantly between crucifers in

mixtures and sole cover crops (Figure 1; Table 1).

For legume shoots, Ca (+26%) and B (+27%) were the only

nutrients with significantly higher concentrations in mixtures

compared to sole cover crops (Figure 1). This pattern was

observed for all legume species except for Egyptian clover and

soya bean, whose Ca and B concentrations did not differ

significantly between mixtures and sole cover crops (Table 1). In

contrast, Cu (-12%) and Fe (-34%) were the only nutrients with

significantly lower concentrations in mixed legume shoots

compared to sole legume cover crops (Figure 1). For Fe, this

pattern was observed in all species except faba bean, crimson

clover and soya bean, for which the pattern was the opposite

(Table 2). All other nutrient concentrations (C, N, S, P, K, Mg,

Na, Mn and Zn) did not differ significantly between legume shoots

in mixtures and in sole cover crops (Figure 1; Table 1).
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Interestingly, some differences in nutrient concentrations in

mixtures compared to sole cover crops showed opposite patterns for

crucifer shoots compared to legume shoots (Figure 1). Fe was the

only nutrient that had significantly higher concentrations in

crucifers and lower concentrations in legumes than those in the

respective sole crops (Figure 1), suggesting that the crucifers may

have outcompeted the legumes for Fe. In contrast, Ca and B were

the only nutrients that had significantly higher concentrations in

legumes and lower concentrations in crucifers than those in the

respective sole crops (Figure 1), suggesting that the legumes may

have outcompeted the crucifers for Ca and B.
Nutrient uptake in crucifer and
legume mixtures

Nutrient uptake by cover crop mixtures was significantly higher

or the same as that of the best sole cover crop family, except for Cu

and Fe, for which the legume sole crop took up more nutrients than
Frontiers in Agronomy 05
the mixtures (Figure 2). Shoot biomass, expressed as C content, was

the only component that mixtures produced significantly more of

(1263 kg C ha-1) than crucifer sole crops (1014 kg C ha-1) or legume

sole crops (941 kg C ha-1), especially for mixtures with turnip rape,

white mustard, soya bean and Egyptian clover (Figure 2; Table 2).

Compared to crucifer sole cover crops, species mixtures

(legume and crucifer combined) acquired significantly more N

(+40%) and took up significantly more P (+16%), Cu (+81%), Fe

(+763%), Mn (+122%) and Zn (+32%) (Figure 2). In contrast

species mixtures did not acquired significantly more of these

nutrients compared to legume sole cover crops (Figure 2). The N

acquisition and P and Cu uptake were particularly higher in

mixtures including turnip rape and white mustard compared to

their corresponding sole cover crops (Table 2).

In contrast, compared to legume sole cover crops, species

mixtures (legume and crucifer combined) took up significantly

more S (+180%), K (+137%), Ca (+84%), Mg (+22%) and B

(+26%, except for faba bean and hairy vetch), while these

nutrients did not differ significantly in crucifer sole cover crops
FIGURE 1

Macronutrient (%) and micronutrient (ppm) concentrations in shoots and roots of crucifers and shoots of legumes. Values correspond to the mean
of sole (SC) and mixed (Mix) crucifers or legumes. Asterisks indicate a significant difference in macro- and micronutrient concentrations between a
given family in a sole crop and in mixtures (P< 0.05). Error bars represent standard errors.
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TABLE 1 Macronutrient (%) and micronutrient (ppm) concentrations in shoots of crucifer and legume sole crops (SC) and species mixtures (Mix).
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0.26
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16.3

19.7

12.1

11.3

2418.7

2101.1

65.7

64.7
Crucifer species

Nutrient
SC/
Mix rape

white
mt

Ethi.
mt

turnip
rape radish

crimson
C

Egyptian
C

common
V

C (%) SC 44.5 45 44.1 43 42.6 29.4 45.4 41

Mix 43.5 44.4 44 40.9 39.2 29.5 42.4 45.8

N (%) SC 2.7 2.3 2.5 3 2.4 2.4 2.9 3.7

Mix 2.3 2.3 2.7 2.9 2 2.1 2.6 3.9

S (%) SC 0.52 0.43 0.62 0.53 0.51 0.12 0.14 0.17

Mix 0.48 0.41 0.6 0.59 0.54 0.13 0.14 0.21

P (%) SC 0.25 0.23 0.24 0.25 0.23 0.19 0.25 0.32

Mix 0.22 0.21 0.23 0.26 0.19 0.18 0.24 0.37

K (%) SC 2.2 2.8 1.8 3.4 3 0.71 0.59 0.93

Mix 1.9 2.6 1.9 3.2 2.8 0.86 0.6 1.3

Ca (%) SC 2.1 2.2 1.6 2.1 2.1 0.96 1.8 0.94

Mix 1.5 1.8 1.7 1.9 1.4 1.2 1.8 1.4

Mg (%) SC 0.4 0.33 0.35 0.4 0.47 0.44 0.23 0.32

Mix 0.36 0.3 0.35 0.4 0.41 0.45 0.26 0.31

Na (ppm) SC 230 230 870 240 550 410 810 670

Mix 150 210 670 270 510 440 820 890

B (ppm) SC 15.4 20.8 17.1 25 21.9 12.2 24.8 17.7

Mix 11.9 18.4 15.3 19.4 16.4 13.9 24.7 26.4

Cu (ppm) SC 4.8 8.1 5.6 6.1 4.2 12.6 13.1 11.2

Mix 4.9 7.6 5.4 6.3 4.8 12.8 11.6 9.3

Fe (ppm) SC 274 172.8 219.5 379 630.3 13915.7 2164.3 5569.7

Mix 1433.7 485.2 610.1 2169.3 3461.1 13595 3687.6 1118.4

Mn (ppm) SC 46.8 38.7 28.3 44.6 45 270.3 68.7 114.4

Mix 61.7 42.6 34.2 69.4 79.8 250.3 91.7 51.2
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(Figure 2; Table 2). In mixtures, soya bean and crimson clover had

higher S, K, Ca and B uptake; common vetch had higher K and Ca

uptake; and Egyptian clover had higher K and Ca uptake than those

in their respective sole crops (Figure 2; Table 2). Mg and Na were

the only nutrients with no significant difference in uptake between

the mixture and crucifer and legume sole cover crops

(Figure 2; Table 2).
Land equivalent ratio of nutrient uptake

The LER was significantly greater than 1 for all nutrients,

indicating that the bispecific mixtures had significantly greater

nutrient-acquisition capacity than sole cover crops (Figure 3). The

LER of C, N, S, P, K, Ca, Mg, B, Cu and Zn was ca. 1.25, while the

LER of Mn, Na and Fe was 1.53, 1.74 and 3.93, respectively. The

crucifer partial LER (pLER_C) was significantly greater than 0.5 for

all nutrients except Na and B, indicating that crucifers took up more

nutrients in mixtures than as sole cover crops, which explained

most of the high LERs (Figure 3). The legume partial LER (pLER_L)

was significantly greater than 0.5 for Ca, Na and B, indicating that

legumes took up more of these nutrients per plant in mixtures than

as sole cover crops (Figure 3). The pLER_L did not differ

significantly from 0.5 for all other nutrients indicating that

mixture had no effect on legume acquisition per plant for

these nutrients.

At the species level, all crucifers had a pLER_C > 0.5, except for

rape for N, P, K, Ca, B, and Na (y axis, Figure 4). Crucifer species

competed differently with the associated legume in mixture as

shown by different pLER_L according to the crucifer included in

mixture (x axis, Figure 4). For example, legumes had pLER_L< 0.5

for most nutrient when mixed with white mustard and radish while

they had pLER_L > 0.5 for all nutrients when mixed with rape (x

axis, Figure 4).

Among legumes, some species had a pLER_L< 0.5 such as hairy

vetch (for nearly all nutrients), purple vetch (for S and Cu), faba

bean (for S, P, K and Cu) and common vetch (for Mn and Fe), while

other legume × nutrient combinations had a pLER_L >

0.5 (Figure 4).

None of species mixtures had both pLER_C and pLER_L< 0.5,

indicating that overall competition in mixtures was never stronger

than complementarity and compensation. In comparison,

approximately half of the species mixtures had a pLER_L and

pLER_C > 0.5, indicating that complementarity and facilitation

were stronger than competition (Figure 4).
Discussion

Competition and complementarity for
nutrient acquisition in species mixtures

Our study indicated that cover crop mixtures influenced

nutrient acquisition of all species tested as cover crops, but the

influence depended on the nutrient considered. We used the “4C

concept” developed by Justes et al. (2021) to understand the main
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TABLE 2 Macronutrients (kg ha-1) and micronutrients (g ha-1) uptake in shoots of crucifer and legume sole crop (SC) and species mixtures (Mix).

me species

e hairy
V

Narbonne
V

faba
bean

soya
bean

1252.6 209.3 681.2 1024.9

522.9 131.1 336.5 726.2

112.7 21.2 64.4 57.8

42.8 12.9 31.8 49

5.4 0.99 3.4 3.4

2.2 0.53 1.5 2.5

8.8 1.9 6.2 5.3

3.2 1.2 2.7 4.5

40.2 5.2 17.2 19.2

15.5 3.1 6.8 15.4

41.4 5.6 15.8 43.3

19.3 3.6 9.1 29.6

13.8 2.1 5.5 16.3

5.1 1.3 3 10.6

2020 3790 21220 310

1480 2700 9150 3960

52.1 10.8 30.6 74.3

24.5 7.4 14.5 53.7

40.4 10 31.3 23.2

13.1 4.7 13.4 17.9

23779.3 2023.1 2603.5 3332.5

6019.3 1444.7 2973.8 3172.6

516.9 64.6 106.2 128.8

152.4 43.9 90.1 119.7
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67.4

7.6
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15.8
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8.2

4.4

15770
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55.5

33.7

40.1

19

6978.9

3401.9

208.3

106.2
Crucifer species

Nutrient
SC/
Mix rape

white
mt

Ethi.
mt

turnip
rape radish

crimson
C

Egyptian
C

common
V

C (kg ha-1) SC 1240.2 1052.4 937.6 588.5 1251.9 630.7 1096 875.6

Mix 673.2 1042.9 666.1 567.5 880.4 437.7 709.3 538.2

N (kg ha-1) SC 76.1 53.7 50.9 40.8 77 51 70.4 79.4

Mix 37 54.7 41.4 41.7 45.4 30.8 43.1 46.4

S (kg ha-1) SC 13.9 10.2 13.1 8 16.1 2.6 3.4 3.8

Mix 7.6 10.1 8.9 8.6 12.4 1.9 2.3 2.4

P (kg ha-1) SC 6.9 5.2 4.9 3.5 7.1 4.2 6.1 6.7

Mix 3.5 4.7 3.5 3.7 4.3 2.7 4.1 4.4

K (kg ha-1) SC 65 64.8 33.6 47.9 86.4 15.6 14.4 20.1

Mix 30.9 62.6 29.3 44.4 60.6 12.3 10.1 14.1

Ca (kg ha-1) SC 66.2 58.1 39.4 43.1 83.4 21.2 41.6 19.9

Mix 29.1 49.8 28.6 37.9 39.6 18.1 29.3 15.1

Mg (kg ha-
1) SC 10.9 7.5 7.3 5.3 12.9 10.3 5.3 6.9

Mix 5.6 7.1 5.2 5.5 8.3 6.5 4.4 3.5

Na (g ha-1) SC 7630 6030 19590 3010 18530 9310 20720 13730

Mix 2640 6010 10150 3680 11810 7050 13450 11060

B (g ha-1) SC 44.5 48.5 36.7 35 67 24.4 58.6 37

Mix 18.7 43.5 22.9 25.9 34.3 21.4 41.9 29.2

Cu (g ha-1) SC 13.4 18.7 11.4 8.5 12.5 30.4 32.6 23.4

Mix 7.7 18.8 8.2 8.9 9.7 18.4 19.7 11

Fe (g ha-1) SC 719.3 378.4 520.9 504.4 1790 34105 4961.1 11454

Mix 2010.6 1153.5 939 3274 5790.6 19208.1 6318.1 1297.4

Mn (g ha-1) SC 130.6 88.8 60.4 55.4 136.2 661 153.3 236.9

Mix 92.4 101.3 52.5 100 142.2 356.8 156.1 55.1
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species interactions in mixtures. LER exceeded 1 for all cover crop

family × nutrient combinations, indicating that the overall

performances of species mixtures were driven by plant-plant

complementarity and cooperation (facilitation) more than

competition. This validates our hypothesis that interspecific

interactions between crucifers and legumes are synergistic due to

niche complementary and/or facilitation processes, even if the

degree of synergy depends on the nutrient. For most nutrients, an

LER > 1 was due mainly to higher biomass in mixtures, with

relatively constant nutrient concentrations in shoots. For a few

nutrients, however, the difference in concentration was larger than

the difference in plant biomass, and because biomass was higher in

most mixtures, some nutrient concentrations (Mn, Fe and Na) may

have driven the higher biomass in mixtures. Indeed, Fe and Mn

concentrations in crucifers were much higher when grown in

mixtures than as sole cover crops, which suggests 1) stronger

intraspecific competition among crucifer plants in sole crops than

interspecific competition with legume plants in mixtures, and/or 2)

facilitation by legumes of Fe and Mn acquisition by crucifers. This

agrees with results of Inal et al. (2007), who observed higher Fe

concentrations in maize intercropped with a legume (peanut). To

our knowledge, our study is the first to observe such a large increase

in Fe and Mn in crucifers intercropped with legume cover crops.

Surprisingly, crucifers in mixtures had significantly lower P, K, and

Ca concentrations but the same Mg concentrations, while other

authors have suggested that legumes facilitate acquisition of these

nutrients, such as in cereal-legumes mixtures (Hauggaard-Nielsen

and Jensen, 2005; Hinsinger et al., 2011; Tang et al., 2021). Instead,

legumes seemed to compete strongly with the crucifer for Ca, as

their Ca concentrations increased in mixtures. Although crucifers

cannot host AMF that could facilitate acquisition of nutrients such

as P, Mn, Ca, Fe and B in many types of mixtures (Jin et al., 2014;

Teste et al., 2014), legumes in mixtures did not have lower P, Mn or

B concentrations than those of sole legumes. Nevertheless, crucifers

competed slightly or strongly with the legume for Cu and Fe,

respectively, which could decrease the legume’s ability to fix N

(O’Hara et al., 1988; Brear et al., 2013). Interestingly, Fe

concentrations in mixtures were lower in vetches and crimson

clover but higher in Egyptian clover, soybean and faba bean.

Unlike cereals, which exude phytosiderophores that can increase

Fe and Zn bioavailability for the companion legume or crucifer

(Zuo and Zhang, 2009; Xue et al., 2016; Jiao et al., 2021;

Sadeghzadeh et al., 2021), crucifers do not have the same capacity

to increase Fe availability in the soil. Nevertheless, when

intercropped with a cereal, crucifers do not decrease Fe, Mn, Cu

or Zn concentrations in the grain (e.g. Xia et al., 2013 for maize/

turnip intercropping). Thus, the increase or decrease in Fe

concentrations in mixed crucifers and legumes, respectively, could

be due to strong competition of the crucifer with the legume more

than a change in the degree of facilitation. Moreover, in basic soils

(not present in our study) and unlike crucifers, most legumes

release carboxylic acids that dissolve phosphate ions from bound

forms, such as calcium and iron phosphates that are otherwise

unavailable to plants and immobile in the soil. Consequently,

legumes can then make Fe more available for the companion

crucifer (Mikić et al., 2015).
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FIGURE 2

Macronutrients (kg ha−1) and micronutrients (g ha−1) acquired in shoots of crucifers and legumes in sole crops and species mixtures. Values
correspond to the mean of crucifer (Cr) and legume (Le) sole crops or the mean of both species included in a mixture (Mix). Different letters indicate
treatments with significant differences at P< 0.05. Only shoots of crucifers and legumes were included in the analysis.
FIGURE 3

Partial land equivalent ratio (pLER) of crucifers (red) and legumes (blue). The land equivalent ratio (LER) equals the sum of the two partial LERs. Each
value represents the mean of species mixtures. Asterisks indicate that pLER and LER were significantly greater than 0.5 and 1.0, respectively. Error
bars represent standard errors.
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Cross-analysis of nutrient concentrations in plants could help

detect antagonisms or facilitation between species for a given

nutrient that would decrease acquisition of other nutrients and

thus the performance of the entire mixture (i.e. Liebig’s Law). Rietra

et al. (2017) found synergy between P and K acquisition and

antagonism between K and Mg acquisition. Our study confirms

these results in crucifers, as lower K concentrations in mixtures than

those in sole crops were associated with lower P concentrations but

higher Mg concentrations. Nevertheless, cross-analysis of nutrient

acquisition requires further studies at more sites and for additional

years to definitively validate the net effect of nutrient-acquisition

processes by cover crops as synergy or antagonism.
Frontiers in Agronomy 11
From multiple-nutrient uptake to
multi-service analysis

Multiple-nutrient acquisition per unit area by cover crops is a

good proxy of the performance of their catch-crop function and

ecosystem service for decreasing nutrient losses through leaching

and/or runoff and increasing nutrient recycling for the next cash

crop. Previous research has provided limited insights into the

acquisition of multiple nutrients by sole cover crops (Wang et al.,

2008; Wendling et al., 2016) and even fewer studies have focused on

cover crop mixtures (Koefender et al., 2016). We found that mixed

crucifer and legume cover crops exhibit a synergistic effect on
FIGURE 4

Partial land equivalent ratios (LER) for nutrient acquisition of crucifers (LERp_C) as a function of that for legumes (LERp_L). Each point represents the
mean of species included in species mixtures. The solid line represents y = x (corresponding to LER = 1). Dashed lines represent pLER_C = 0.5 and
pLER_L = 0.5. In area (j), both species grow better in mixtures than as sole crops, indicating that effects of species complementary and cooperation
are stronger than those of competition (and vice versa in area (k)). Areas (i-1) and (i-2) indicate that the legume dominates the crucifer and vice versa
in (l-1) and (l-2). Plant-plant interactions lead to an advantage of mixture in (i-2) and (l-2), but a poorly balanced mixture due to too much
competition between the two species in (i-1) and (l-1). See Justes et al. (2021) for more details. mt, mustard; Ethi, Ethiopian; V, vetch; C, clover.
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nutrients acquisition. Cover crop mixtures composed with legumes

and non-legumes acquired as much or even more of each nutrient

compared to the best-performing sole cover crops (Figure S4), as

observed in previous studies of N and S elements (Couëdel et al.,

2018a; Couëdel et al., 2018b). In other words, adding a legume to

crucifer cover crops can increase the uptake of C, N, Fe, Cu and Mn,

while adding a crucifer to legume cover crops can increase the

uptake of C, S, K, Ca, Mg and B without decreasing those for other

nutrients. Besides nutrients uptake synergy, biomass and C

accumulated were the only components for which species

mixtures performed better, indicating more photosynthesis per

unit area than both sole crucifers and legumes, confirming results

that highlighted higher biomass and C accumulated in mixtures

than in sole crops (Wortman et al., 2012; Mortensen et al., 2021). P,

Mg, B and Zn uptake were also slightly higher in mixtures, albeit not

statistically significant, than in both crucifer and legume sole cover

crops, suggesting potential complementarity of mixtures in

providing catch-crop effects for these nutrients as well.

In addition to the multiple-nutrient catch-crop effects, multiple-

nutrient recycling effects (for availability for the next crop) of cover

crops are another set of ecosystem services that needs to be

evaluated. Nutrient recycling have been extensively studied only

for P (Takeda et al., 2009; Maltais-Landry et al., 2016; Teles et al.,

2017) and a few other nutrients, such as N, S, K, Ca andMg (Eriksen

et al., 2004; Brunetto et al., 2011; Tiecher et al., 2017). Interestingly,

recycling of N and S showed different patterns (Tribouillois et al.,

2016; Couëdel et al., 2018a; Couëdel et al., 2018b), such as the C:N

ratio was not the only driver of nutrient recycling, as supported by

the key influence of the C:S ratio on S recycling. Therefore, we

advocate the need for further studies to address multiple macro-

and micronutrient recycling processes from cover crop

decomposition and species mixtures in general. Such studies

would help assessing the multi-nutrient ecosystem service effects

of cover crops. Indeed, among the growing literature that assesses

multiple services provided by cover crops (Schipanski et al., 2014;

Finney et al., 2017; Chapagain et al., 2020), such as biocontrol,

biomass production and soil C storage, nutrient ecosystem services

are assessed mainly under the prism of the N cycle, while other

macro- and micronutrients also generate key ecosystem services

(Daryanto et al., 2018). By assessing the multi-nutrient uptake

capabilities of species mixtures composed of crucifers and

legumes, our study contributes valuable insights for assessing

their performance across a broader spectrum of ecosystem services.
Conclusion

Overall, crucifer-legume cover crop mixtures provide synergetic

multiple-nutrient catch-crop services by acquiring as much or more

of each nutrient than the best sole cover crop. In species mixtures,

crucifers acquired certain nutrients in much larger quantities, such

as Fe (ca. four-fold) and Mn (ca. two-fold), than in sole crops. Crop

nutrition status revealed strong niche complementarity and/or

facilitation in crucifer-legume mixtures, in which crucifers had
Frontiers in Agronomy 12
higher Mn and Fe concentrations, and legumes had higher Ca

and B concentrations. Net competition and/or dilution effects of

nutrient concentration were also identified in the cover crop

mixtures tested, as legumes tended to have a negative impact on

crucifer concentrations of Ca, P, K and B, while crucifers had a

negative impact on legume concentrations of Cu and Fe. Our work

validated the potential of species complementarity for multi-

nutrient uptake using a wide range of crucifer-legume species and

cultivars. However further studies should include additional sites

with a variety of soil and climate conditions to further validate these

first results and help design more efficient cover crop mixtures to

achieve high levels of multiple nutrient-related ecosystem services

under different growing conditions.
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