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Summary

Functional diversity of cover crop mixtures is thought

to improve biomass production and weed suppression,

two key agroecosystem services in organic systems. To

test this hypothesis, we selected eight cover crop species

belonging to four functional groups: (i) vining growing

large-seeded legumes (field pea, common vetch), (ii)

erect growing small-seeded legumes (crimson clover,

squarrosum clover), (iii) grasses (barley, oats) and (iv)

Brassicaceae (radish, black mustard). Nine cover crop

mixtures were designed to create a gradient of diversity

in terms of number of species and number of functional

groups. A control treatment and all monocrops were

included in the trial. Regarding cover crop biomass,

mixtures outyielded monocrops by an average of 37%.

Both functional identity and composition (i.e. trait com-

plementarity) influenced biomass production and weed

suppression provided by cover crops. Regression analy-

sis showed that increase in both species diversity and

functional diversity in cover crop mixtures improved the

provision of agroecosystem services. Results from this

study show that complementarity of species functional

traits in cover crop mixtures can be used as a strategy to

ensure high biomass production and good weed sup-

pression in changing agroecosystems.
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Introduction

Cover crops are an essential agronomic tool in sustain-

able agriculture, especially organic systems. Cover

crops can provide many agroecosystem services, for

example pest control (Magagnoli et al., 2017), reduc-

tion of nitrogen leaching (Hauggaard-Nielsen et al.,

2009), carbon and nitrogen fixation (M€oller et al.,

2008), soil fertility improvement through stimulation

of the soil microbial community (Wortman et al.,

2013) and of arbuscular mycorrhizal fungi symbiosis

(Njeru et al., 2014) and weed suppression (B�arberi &

Mazzoncini, 2001; Moonen & B�arberi, 2004; Kruidhof

et al., 2008).

Biodiversity in agroecosystems (hereafter ‘agrobiodi-

versity’) can enhance the provision of agroecosystem

services (Altieri, 1999; Mal�ezieux et al., 2009). In par-

ticular, functional characteristics of agrobiodiversity

elements (genotypes, species and/or habitats) should be

analysed to improve agroecosystem functioning
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(Moonen & B�arberi, 2004; Finn et al., 2013; Costanzo

& B�arberi, 2016). Increase in cover crop species

diversity (i.e. using mixtures instead of monocrops) is

a documented example of this approach (Teasdale &

Abdul-Baki, 1998; Wortman et al., 2012; Tosti et al.,

2014). Cover crop species may carry different func-

tional traits related to the provision of a given agroe-

cosystem service (Damour et al., 2014; Tribouillois

et al., 2015; Wendling et al., 2016). Species bearing

traits that are associated with the provision of a given

agroecosystem service belong to the same functional

group (i.e. a cluster of species providing the same

agroecosystem service, following the definition pro-

vided by Moonen & B�arberi, 2008). Consequently, the

level of diversity in a cover crop mixture can be

increased not only by augmenting the number of spe-

cies, but also by increasing the number of functional

groups, that is by playing with functional diversity.

Biodiversity can improve agroecosystem function-

ing, as pointed out in ecological literature (see e.g.

Hooper et al., 2005; Petchey & Gaston, 2006; D�ıaz

et al., 2007). In this study, we refer to previous work

by Costanzo and B�arberi (2014), who proposed differ-

ent mechanisms by which functional agrobiodiversity

in an agroecosystem can affect service provisioning.

Agroecosystem functionality can be improved by: (i)

functional identity, that is by the presence of a set of

homogeneous phenotypic traits related to the expres-

sion of given agroecosystem services; (ii) functional

composition, that is by the complementary effect of dif-

ferent traits, expressed by co-occurring elements (e.g.

species or varieties), on the provision of given agroe-

cosystem services; and (iii) functional diversity sensu

stricto, that is the direct effect of heterogeneity within

the crop stand on the expression of given agroecosys-

tem services. The relationship between diversity and

ecosystem functioning is expected to be one among the

three types proposed in literature: (i) linear, where each

increase in biodiversity level corresponds to an increase

in ecosystem functioning, (ii) logarithmic, when, after

an initial increase in ecosystem functioning, the curve

reaches a plateau where, over a certain level of biodi-

versity, there is no increase in ecosystem service provi-

sioning (i.e. each increase in biodiversity would be

redundant) or (iii) idiosyncratic, when the expression

of the service is species-specific and not related to bio-

diversity (Bengtsson, 1998).

With this study, we aim to contribute to the grow-

ing debate on the effect of species diversity on agroe-

cosystem services provided by cover crops (Schipanski

et al., 2014; Finney & Kaye, 2016). To the best of our

knowledge, this is the first study carried out in a

Mediterranean environment that tries to analyse ser-

vice provisioning in cover crop mixtures that include

more than three species.

The aim of our study was to highlight the effect of

cover crop diversity on two key agroecosystem ser-

vices: cover crop biomass production and weed sup-

pression. Each mixture included at least one legume

species, to guarantee nitrogen provision. We aimed at

having a balanced presence of the other functional

groups in the mixtures (grasses and Brassicaceae), as

to highlight the potential effect of co-presence of trait

complementarity (functional composition effect, as

defined above). Mixtures are more complex than

monocrops for a farmer to manage; thus, they are

required to be more effective than pure stands in pro-

viding the desired services. In the case of biomass pro-

duction, if the proposed mixture is not able to

overyield a very productive monocrop, a farmer would

not adopt the mixture.

We tested the following specific hypotheses: (i)

cover crop mixtures provide a higher total biomass

production compared with monocrops; (ii) cover crop

mixtures provide higher weed suppression compared

with monocrops; (iii) weed presence is negatively corre-

lated to the amount of biomass produced by the cover

crop; and finally, we explored the hypothesis that (iv)

diversity in terms of number of functional groups is

more relevant than diversity in terms of number of

species in enhancing target services expression.

Materials and methods

A field experiment was carried out for two consecutive

growing seasons (2015 and 2016) at the Interdepart-

mental Centre for Agro-Environmental Research

(CIRAA) ‘Enrico Avanzi’ of the University of Pisa,

Central Italy (Lat. 43°400N; Long. 10°210E), in organi-

cally certified adjacent fields. The soil is a Typic

Xerofluvent, characterised by a sandy loam texture

(Table 1). Cover crops were broadcast seeded on 27

October 2014 and 26 October 2015 and terminated on

6 May 2015 and 23 May 2016. Plots measured

3 9 12 m in 2015 and 4.5 9 7 m in 2016 and were

arranged upon a randomised complete block design

with three replicates. The soil was harrowed prior

cover crop seeding, and no fertilisation was applied.

The choice of cover crop species involved in the

trial was based on species functional traits for the tar-

get services. Following a preliminary screening trial

performed in a growth chamber (Ranaldo et al., 2015),

we identified eight candidate species belonging to four

functional groups: (i) large-seeded legumes (LSL),

characterised by a major development in height and

climbing habit, with roots spreading outwards from
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the main taproot (field pea, Pisum sativum L., and

common vetch, Vicia sativa L.); (ii) small-seeded

legumes (SSL), able to cover the soil quickly, develop-

ing a deep, branched taproot (crimson clover, Tri-

folium incarnatum L., and squarrosum clover Trifolium

squarrosum L.); (iii) highly competitive grasses, charac-

terised by fascicled root system (POA: barley, Hordeum

vulgare L., and oats, Avena sativa L.); and (iv) tap-

rooted Brassicaceae in which residues have an allelo-

pathic effect (Cou€edel et al., 2018; Sturm et al., 2018),

(BRS: radish, Raphanus sativus L., and black mustard,

Brassica nigra L.). Cover crop cultivar choice was also

based on performances recorded in the preliminary

screening trial. Plant biomass, height and root length

were recorded.

All monocultures and a control treatment with no

cover crop were included in the field trial. Mixtures

were designed with the aim of creating a gradient of

diversity in terms of number of species and number of

functional groups. We designed four-two-species mix-

tures, four-four-species mixtures and one-eight-species

mixture (Table 2). Based on the homogeneity of func-

tional traits within functional groups, more relevance

has been given to the presence of a particular func-

tional group compared with the presence of a particu-

lar species in mixtures. A main constraint for the

design of mixtures was that nitrogen provision to the

agroecosystem by cover crops was a required service

by the farmer. Therefore, mixtures always comprised

at least one legume species. Mixtures were composed

adding to LSL and/or SSL one, two or three species

belonging to another functional group.

Sowing densities of monocultures were based on

recommended seed density by seed producers. To con-

stitute the mixtures, we used a partial replacement

approach, reducing the recommended sowing rate of

each species to 50% in two-species mixtures, to 25%

in four-species mixtures and to 12.5% in eight-species

mixture as compared to monocrops (Table 2). Actual

sowing rates were adjusted according to the results of

a germination trial performed before sowing both in

2015 and 2016. The high dose recorded in 2016 for

black mustard is due to a dramatic decline in seed ger-

minability from 2015 to 2016.

During cover crop development, crop and weed den-

sity was recorded before and after the winter period in

both years (data not shown). Cover crop biomass was

assessed just before cover crop termination. Plant above

ground biomass was sampled in three 0.5 9 0.5 m

quadrats plot�1 and separated into cover crop species

and total weed biomass. As ‘weed’, we intend all non-

planted vegetation grown in the plot. Samples were oven

dried at 60°C until constant weight. Cover crop termina-

tion was carried out on 6 May 2015 and 23 May 2016

with a roller crimper followed by flame weeding to min-

imise re-growth (Frasconi et al., 2016).

The second year was characterised by problematic

soil conditions. The soil showed a hardpan layer and

was subjected to water-logging, particularly in autumn.

Among the 2 years, we observed different soil physical

conditions and different rainfall pattern in autumn

(Fig. 1). In view of this situation, the data from the

2 years could be interpreted as data from two different

environments.

In all analyses, species composition of treatments

was considered as ‘intended’ composition, not as actual

composition at the time of sampling. This means that

the composition of treatments we considered is the

result of the interactions between seeded species and

the environment (weather, soil and wild vegetation).

Using this approach, we were able to test performances

of cover crop mixtures and challenge their effectiveness

in real and also exceptional on-farm conditions.

Analysis

The interaction between the variable ‘year’ and the

explanatory variables was significant for all performed

analyses; consequently, data were analysed separately

by year.

Total biomass (cover crop + weeds) and weed bio-

mass were analysed using a linear model. Interaction

between the variable ‘treatment’ and the variable

‘block’ was taken into account. We used a Tukey HSD

post hoc test to separate means (P < 0.05). First-year

data of weed biomass were log-transformed [x’ = log

(x + 0.5)] to meet normality and homoscedasticity

assumptions.

Total biomass was analysed to determine overyield-

ing (i.e. when biomass in mixture is higher than mean

biomass in monocrops) and transgressive overyielding

(i.e. when mixture produces higher biomass than the

Table 1 Summary of soil characteristics from the experimental fields. T° max and T° min refer to average maximum and minimum daily

temperatures

Year pH

N tot SOM P (Olsen) Clay Loam Sand T° max T° min Rainfall

& % ppm % % % °C °C mm year�1

2015 7.79 2.76 3.47 4.60 21.07 21.50 57.43 21.17 9.94 1081.80

2016 6.72 1.64 2.53 6.33 18.86 18.09 63.06 20.51 10.00 1088.40
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most productive monospecific stand). Overyielding was

determined using a linear model, contrasting produc-

tivity of all monocultures against the mixture compris-

ing all of them (M8). Transgressive overyielding was

determined with the method proposed by Schmid et al.

(2008):

NEtrans [ND 1� 1

N

� �
Ss

where NEtrans is the difference between the simulated

biomass of the highest productive species and the aver-

age species in monoculture, ND is the standard normal

deviate for probability P = 1 � 1/N, N is the number

of species, and Ss is the pooled between species and

within species standard deviation. Please refer to Sch-

mid et al. (2008) for further details. The maximum

attainable productivity of monocultures was simulated

using the model that takes into account mean values

and variability (measured as standard deviation)

between monocultures and within monoculture treat-

ments replicates. The mean of the simulated monocul-

ture maxima is then compared with the mean of

mixture biomass production.

We performed a regression analysis to test the effect

of cover crop biomass on total weed biomass (2015

data are log-transformed). Partial regressions for each

cover crop treatment were also performed.

Analysing the relationship between agroecosystem

services and diversity, we considered two aspects of

diversity: diversity per se (i.e. the number of species

included in a mixture) and functional diversity (i.e. the

number of functional groups involved in a mixture).

We used mixed effect models to determine the relation-

ship between biomass production and diversity of spe-

cies and functional groups in the mixtures, using block

as a random effect. As a measure of the explained vari-

ance in mixed effect models, we used marginal R2

(Mar. R2) and conditional R2 (Con. R2). Mar. R2

refers to the variance explained by the fixed effect of

the model, and Con. R2 refers to the variance

explained by both fixed and random effects (Nakagawa

& Schielzeth, 2013). Model selection was performed

using the likelihood ratio test (Zuur et al., 2009). The

same statistical tools were used to analyse the effect of

cover crop species and functional diversity on total

weed biomass (data log-transformed), and the weed

suppression service provided by cover crop mixtures.

We evaluated the weed control service provision

(Sw) with a simple index previously used by Finney

et al. (2016):

Sw ¼ Wc �Wt

where Sw is the amount of weed biomass suppressed

(g m�2), Wc is the weed biomass in the control, and

Wt is the weed biomass in the specific treatment. The

higher the value of Sw, the higher the provision of the

weed suppression service. If the value is negative, the

cover crop treatment provides a disservice. Mixed

effect models were used to determine the effect of

treatments on Sw. Dunnett’s test was used as test for

multiple comparisons of the means.

All analyses were carried out on R (R Core Team

2017) in RStudio (RStudio Team 2016) using agricolae

(DeMendiburu, 2016) and multcomp packages

(Hothorn et al., 2008) for post hoc analysis; lme4

(Bates et al., 2014) and MuMIn (Barton, 2016) pack-

ages for mixed modelling; and ggplot2 package (Wick-

ham, 2009) for graphic representations.

Results

Total biomass

Treatment effect on total biomass (cover crop + weeds)

was significant in both years (r2 = 0.71, P < 0.001 in

2015 and r2 = 0.62, P < 0.001 in 2016). In all mixtures,

Fig. 1 Average daily max and min tem-

perature (°C) and average daily rainfall

(mm) at San Pero a Grado, Pisa, Italy

(Lat. 43°400N; Long. 10°210E) in 2015

and 2016 (respectively the first and second

experiment year).

© 2019 European Weed Research Society 60, 96–108
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total biomass in 2015 was significantly higher than the

control. The same was not true for monocrops (Fig. 2).

Values of total biomass for all the mixtures were signifi-

cantly higher compared with the two BRS and LSL

monocrops, with the exception of PVOB. The most

productive treatments were SSL (squarrosum clover,

750.5 � 108.12 g m�2; crimson clover, 737.1 � 87.31

g m�2), CS (807.4 � 114.01 g m�2), CSOM (745.3 �
106.56 g m�2) and PCBM (734.1 � 136.99 g m�2).

Regarding the functional groups tested in the trial, in

the first year M8 did not differ from PCBM, suggesting

that species in M8 were redundant and did not improve

mixture functionality.

In the second year, only M8, PVBR and PVOB

treatments recorded significantly higher total biomass

than the control (respectively 595.8 � 106.85,

572.5 � 118.13, 537.8 � 197.90 g m�2) and were more

productive than all single species treatments apart

from common vetch, all two-species mixtures apart

from SM (only M8 and PVBR were more productive)

(Fig. 2). The mixtures M8 and PVBR were also signifi-

cantly more productive than the four-species mixtures

CSOM and M8 was more productive than PCBM.

Higher biomass production of SSL compared with the

other functional groups was not confirmed; instead,

LSL seemed to be favoured by environmental condi-

tions in 2016.

Overyielding was not observed in the first year,

while total biomass of M8 in 2016 was significantly

greater than the average of its component species as

monocrops (r2 = 0.51, P < 0.001). Transgressive

overyielding was not achieved.

Weed biomass

The most abundant weeds at the time of cover crop

termination were Senecio vulgaris L., Helmintotheca

echioides L. and Alopecurus myosuroides L. (respec-

tively 14, 11 and 8.9 plants m�2) in 2015; and Ranun-

culus repens L., Juncus tenageja Ehrh. and Lolium

multiflorum Lam. (respectively 54.6, 31.3 and

23.3 plants m�2) in 2016.

Only the weed biomass found in LSL monocrops

and in black mustard did not differ from the control

in 2015 (Fig. 2). In the first year, M8, PCBM, PB and

CO had a significantly lower biomass than the large-

seeded legume monocrops while PB and PCBM also

had a lower weed biomass than the crucifer monocrops

Fig. 2 Total biomass in the first and second year (top and bottom graph respectively). Shades of grey indicate cover crop biomass in

mixtures partitioned by functional group. In white weed biomass, different letters indicate treatment differences in weed biomass (upper

row of letters) and total biomass (cover crops + weeds; lower, italicised row of letters) at P < 0.001, whereas shared letters indicate no

treatment effects at P < 0.05. Data are means � SEM. Treatment codes are explained in Table 2; CTR, control.
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and the small-seeded legume mixture. In grass mono-

cultures, weed abundance was low and comparable to

that of mixtures. The treatment with the lowest

amount of weed biomass was PB (3.9 � 0.87 g m�2).

The association of a legume with a non-legume in PB

increased the weed suppressive ability compared with

the field pea monocrop (�93%) but not compared

with the barley monocrop. A similar pattern was

observed in CO, where total weed biomass was

12.3 � 8.90 g m�2, 54% lower than in the crimson

clover monocrop and not significantly different from

the oats monocrop. The same positive effect was not

recorded when a legume was mixed with a crucifer.

Weed biomass did not differ between SSL treatments.

In the second year, weed biomass was lower than

the control in treatments including squarrosum clover

(S, CS and SM; in the latter, black mustard biomass

was negligible: 0.3 � 0.87 g m�2). For LSL, weed bio-

mass was significantly lower than the control for pea

monocrop, PB, PVOB and PVBR. In M8, weed bio-

mass (151.5 � 23.87 g m�2) did not differ from the

most effective treatment (squarrosum clover:

92.8 � 20.99 g m�2).

Weed suppression service

Cover crops always provided weed suppression service

(Sw), but the picture was different among the two envi-

ronments. In the first year, Sw was significantly higher

than the control for all the treatments (P < 0.001,

except for vetch P < 0.01). In the second year, Sw was

higher in cover crop treatments compared with the

control, but performances were different among treat-

ments (Fig. 3). In 2016 monocrops, weed suppression

was generally lower compared with mixtures. Weed

biomass reduction compared with the control ranged

from 227 � 104.71 g m�2 for squarrosum clover to

86.8 � 148.16 g m�2 for oats. We observed a high

Fig. 3 Weed suppression services (Sw) of cover crop mixtures expressed as weed biomass reduction compared with the control (g m�2).

Diamonds represent means, and bars represent the standard error of cover crop treatments. ***P < 0.001; **P < 0.01; *P < 0.05; and

.P < 0.1. Treatment codes are explained in Table 2; CTR, control.
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variability in the magnitude of service provisioning

among treatments.

Relationship between cover crop and weed biomass

Cover crop biomass showed a negative correlation

with weed biomass in both years (Fig. 4). Weed-cover

crop biomass relationship was significantly different

among treatments only in 2015 (Table 3). A very

strong negative relationship was found for squarrosum

clover monocrop (S, r2 = 0.29, P < 0.01), while a weak

negative relationship was found for PVOB (r2 = 0.45,

P < 0.05) and CSOM (r2 = 0.32, P < 0.05).

Effect of diversity on cover crop and weed biomass

We found a significant relationship between cover crop

biomass and species diversity or number of functional

groups in both years (Fig. 5).

Increasing both the number of species and func-

tional groups in the mixtures decreased total weed bio-

mass in 2015. Our results indicate that the increase in

functional groups was more effective than the increase

in species number in reducing total weed biomass, as

suggested by the higher level of variance explained

(Mar R2 = 0.07 for species diversity vs. Mar R2 = 0.10

for functional diversity, Fig. 6). No trend was detected

in the second year.

Discussion

Our first hypothesis was that productivity in mixture

treatments would be higher compared with monocrop

treatments. We observed an advantage of mixtures in

productivity over monospecific stands, as found in

other studies (Smith et al., 2014; Finney et al., 2016).

In the tested treatments, all different mechanisms

related to service provisioning by functional biodiver-

sity played a role in enhancing cover crop biomass

production service. In favourable field conditions,

functional identity (homogeneity of traits enhancing

services provisioning) enhanced biomass production,

particularly in the case of clovers, which were the most

productive species. Their functional identity was

Fig. 4 Regression of total weed biomass

on cover crop biomass in 2015 and 2016.

Points represent weed biomass observa-

tions.
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expressed in monocrops and in the CS mixture. At the

same time, functional composition (complementarity of

traits) also provided a higher expression of the service

in mixtures compared with monocrops. In particular,

mixing large-seeded legumes or mustards with other

species belonging to one, two or three different func-

tional groups led to a higher biomass production com-

pared with the monocrops. The picture changed when

the same treatments performed in a challenging envi-

ronment. Here, the highest service provision (i.e. bio-

mass production) was associated with the highest level

of diversity, represented by the eight-species mixture.

This gives a strong indication of the importance of

cover crop diversity under difficult field conditions.

While functional identity and composition played a

major role in normal environmental conditions, diver-

sity and redundancy of functional traits (functional

diversity sensu strictu) were keys to ensure sufficient

biomass production in a challenging agroecosystem, as

in 2016.

The highest diversity mixture (M8) overyielded its

component species in 2016, confirming the importance

of functional diversity when field conditions are diffi-

cult or unpredictable. Transgressive overyielding was

not observed, as it often happens also in ecological

research (Cardinale et al., 2011).

Weed presence was generally higher in 2016 com-

pared with 2015. Particular weed species presence pro-

vided some indication about the difference in

environmental conditions in the 2 years. R. repens L.

and J. tenageja Ehrh. were the most abundant species in

2016 field, and they are typical of humid environments

and disturbed soils that are frequently water-logged.

Looking at weed biomass reduction, in 2015 func-

tional identity of grasses, and not the most productive

clovers, proved to provide good service expression.

Functional composition too enhanced weed suppres-

sive ability in mixtures. This was particularly the case

for the pea and barley mixture (PB) and the crimson

clover and oat mixture (CO). Although grass cover

crops were more suppressive than legume monocrops,

as also found by Ramirez-Garcia et al. (2015), weed

biomass reduction in legume–grass mixtures was com-

parable to that in competitive grass monocrops. A sim-

ilar effect in legume–grass binary mixtures was found

by Hauggaard-Nielsen et al. (2001) and Corre-Hellou

et al. (2011). The advantage of such mixtures is that

biologically fixed nitrogen is added into the system and

that the cover crop biomass has a more balanced C/N

ratio (Kuo & Sainju, 1998; Korsaeth et al., 2002).

Complementarity of resource use may be a major

mechanism explaining the effect of diversity on weed

suppression. Smith et al. (2010) suggested that when

the soil resource pool is more diversified, weed abun-

dance is expected to be lower, and termed this effect

the Resource Pool Diversity Hypothesis. In our case,

we can hypothesise that a similar effect might have

occurred, fostered by the diversification in cover crop

functional traits. In other words, better weed suppres-

sion can be achieved through the synergy between

complementary species traits in a cover crop mixture,

that is through a functional composition effect (Cost-

anzo & B�arberi, 2014). Complementary traits may

involve the different habits, N acquisition strategy and

root system development of the species considered in

this trial.

Table 3 Intercept and slope estimates for weed vs. cover crop biomass partial regression model for the 2015 data (weed biomass ~ cover

crop biomass * cover crop treatment). Standard error of the mean, t-values and significance values are also presented. For treatment

code, refer to Table 2

Treatment Intercept SE t value Pr(>|t|) Slope SE t value Pr(>|t|)

O 2.564 0.978 2.622 0.010 �0.001 0.002 �0.570 0.570

B 3.412 1.276 0.665 0.508 �0.005 0.002 �1.525 0.130

M 3.677 1.452 0.767 0.445 0.000 0.004 0.218 0.828

R 3.519 1.238 0.772 0.442 0.000 0.004 0.242 0.809

P 6.738 1.993 2.094 0.038 �0.008 0.005 �1.358 0.177

V 4.875 1.189 1.944 0.054 �0.001 0.002 0.096 0.924

C 7.419 3.483 1.394 0.166 �0.006 0.005 �1.063 0.290

S 14.883 4.222 2.918 0.004 �0.018 0.006 �2.675 0.009

CS 7.156 2.251 2.040 0.044 �0.005 0.003 �1.237 0.219

PB 2.624 1.804 0.033 0.974 �0.002 0.003 �0.419 0.676

SM �0.256 1.886 �1.495 0.137 0.005 0.003 2.003 0.047

CO 2.679 2.424 0.047 0.962 �0.001 0.004 �0.040 0.968

PVOB 5.062 1.391 1.796 0.075 �0.007 0.003 �1.942 0.054

PVBR 4.421 1.521 1.221 0.224 �0.003 0.002 �0.790 0.431

CSOM 8.936 2.833 2.249 0.026 �0.009 0.004 �1.971 0.051

PCBM �1.270 2.457 �1.561 0.121 0.004 0.003 1.401 0.164

M8 1.601 2.380 �0.405 0.687 0.000 0.004 0.352 0.725
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Functional identity of squarrosum clover, likely due

to its mat-like prostrate growth during early develop-

mental stages, was key to achieve a high weed suppres-

sion service (Sw), which was also stable across the

2 years. However, functional complementarity and

diversity expressed by mixtures (i.e. PB, PVBR,

CSOM) and particularly the eight-species mixture

proved to be equally important, especially when weed

infestation was high.

We found an overall negative correlation between

cover crop biomass productivity and weed biomass,

although a clear pattern among treatments was found

only in one case, in 2015. If weed biomass reduction

for squarrosum clover monocrop was strongly related

to its high productivity, such conclusion cannot be

drawn for the other treatments. Generally, biomass

productivity alone may not be the most important

functional trait affecting weed suppression; in fact, in

high functional diversity systems, multiple functional

traits (i.e. nutrient use strategy, growth form, root sys-

tem) can be responsible of a target service (as high-

lighted by D�ıaz et al., 2007).

Exploring the effect of species and functional diver-

sity on services provisioning, our data suggest that

increase in both species diversity and functional diver-

sity can lead to higher biomass production in cover

crop mixtures compared with monospecific stands.

However, the effect of the two types of diversity chan-

ged with the environment. In 2015, only functional

diversity had a significant effect on biomass, while in

2016 the effect was stronger for species diversity. This

can be interpreted in the light of the discussion by

Bengtsson (1998) on the relationships between biodi-

versity and ecosystem functioning. In 2015, the

Fig. 5 Effect of species number and functional group number on cover crop biomass in 2015 (A and B) and 2016 (C and D). Points rep-

resent the mean, and bars represent SEM of each cover crop treatment. Points of treatments at level 1 of both species and functional

diversity overlap in 2016. Conditional and marginal R2 are reported.
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ecosystem function–diversity relationship followed a

logarithmic function, suggesting the expression of the

redundancy hypothesis (i.e. after a certain level,

increasing biodiversity does not result in an increase in

the ecosystem function; in other words, any added ele-

ment is redundant). In the second year, the relation-

ship was linear and stronger for species diversity,

indicating that each increase in species diversity led to

a better ecosystem functioning. Our results suggest that

in unfavourable environments, species are less likely to

be redundant; on the contrary, diversity can sustain

biomass productivity. The redundancy-type relation-

ship was also found for weed biomass in 2015. This

suggests that in favourable environments, diversity can

increase agroecosystem services provision only up to a

certain level. No significant relationship between total

weed biomass and treatments’ diversity was found in

2016 probably due to the very high weed pressure.

Analysing the effect of specific combinations of

cover crop species and functional groups, we found

that all components of functional biodiversity can sup-

port agroecosystem service provisioning, but which

kind of diversity is more effective depends on the envi-

ronment, farmer’s objectives and, not least, temporal

scale. In the short term and under predictable pedo-

climatic conditions, provided that farmers are able to

Fig. 6 Effect of species number (A) and functional group number (B) on total weed biomass in 2015 (A and B) and 2016 (C and D).

Points represent the mean, and bars represent SEM of each cover crop treatment. Conditional and marginal R2 are reported.
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choose the best cover crop for their fields, exploiting

the functional identity of the cover crop can be a way

to achieve specific agroecosystem services such as weed

suppression and biomass production. However, to

ensure service provision in a changing environment,

the use of cover crop functional composition and

diversity may be a better (and safer) option.
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