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Abstract

In face of the current environmental challenges, developing multifunctional cropping systems is increasingly needed, and
crop variety mixtures are particularly interesting since they can deliver diverse services including grain production, yield
stability, N,O production regulation, disease control, and reduction of N-fertilizer losses. However, the relationships between
intraspecific diversity and ecosystem multifunctionality are poorly understood so far, and practitioners lack science-based
guidance to design mixtures. We used a pool of 16 bread wheat varieties classified into 4 functional groups based on 26
below- and aboveground functional traits, to conduct a field trial (88 large plots cultivated with single varieties or mixtures
of 2, 4, or 8 varieties), quantifying 15 provisioning and regulating services for each plot. To assess yield stability between
local conditions and years, the trial was replicated at 4 other locations and for 2 years, using 2 managements each time. We
analyzed how variety number and functional groups predicted the variance in services, and applied in an innovative manner
the RLQ co-inertia analysis to relate the (variety X traits) matrix Q to a (plot X services) matrix R, using a (plot X variety)
composition matrix L as a link. Our results show that using variety mixtures allowed delivery of baskets of services not
reachable when cultivating single varieties, and that mixtures mitigated tradeoffs between different pairs of services. Variety
number or functional groups poorly predicted the variance in services, but the RLQ approach allowed the identification of
groups of plots delivering consistent baskets of services. Moreover, we demonstrated for the first-time significant relationships
between specific baskets of services and bundles of variety traits. We discuss how our results increase our understanding of
intraspecific diversity—agroecosystem multifunctionality relationships, and propose the next steps using our new approach
to support practitioners for designing variety mixtures that provide particular baskets of services.
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1 Introduction

Many agroecosystems are characterized by simplification
of biological communities and high inputs of chemicals to
fertilize soils and control crop pests, resulting in negative
impacts on the environment and biodiversity (Pe’er et al.
2014; Tilman et al. 2002). These simplified systems might
also be poorly adapted in the context of climate change
(Brisson et al. 2010; Howden et al. 2007; van Etten et al.
2019). There is thus a need for an environmental transition
in agriculture (Altieri 1999; Foley et al. 2011), which can
be achieved by reinforcing ecological functions through bet-
ter management of cultivated and wild biodiversity (Foley
etal. 2011; Eggermont et al. 2015; Malézieux 2011). In this
context, the multifunctionality of cropping systems, i.e.,
their capacity to provide diverse sets—or baskets—of ser-
vices (Gaba et al. 2015; Renting et al. 2009) is of paramount
importance. This transition, however, requires a shift in
mindset and research paradigm since most studies focus on
a single or very few ecosystem services, whereas agriculture
and societies generally require a wide range of services. The
latter include provisioning services such as grain yield, grain
quality, and yield stability, along with regulating services
such as disease control, biocontrol of weeds and crop pests,
maintenance of soil fertility, regulation of climate change
through reduced greenhouse gas emissions, and limitation of
fertilizer-N losses from the soil-plant system. These services
cannot always be maximized simultaneously, due to trade-
offs between services (e.g., Shi et al. 2019), and increas-
ing multifunctionality generally requires a higher level of
biodiversity, as shown for grassland and forest ecosystems
(Gamfeldt et al. 2013; Hector and Bagchi 2007; Zavaleta
et al. 2010).

The genetic diversity of crop species is an important lever
for designing more sustainable and resilient farming systems
(Beillouin et al. 2021; @stergérd et al. 2009; Sirami et al.
2019). Among the many ways to increase crop diversity in
both space and time (from crop rotations to complex agro-
forestry systems), the use of crop variety mixtures is inter-
esting because it can increase the in-field agrobiodiversity,
promote a diversity of ecological processes, and ultimately
enhance the delivery of multiple ecosystem services (Haj-
jar et al. 2008; Hughes et al. 2008). The practice of variety
mixtures is not something recent, and was well developed,
e.g., during the twentieth century until the 1970s in West-
ern Europe and in Eastern European countries prior to the
fall of the Iron Curtain (Finckh et al. 2000), although their
use decreased at the end of the twentieth century (Bonnin
et al. 2014). Recently, in Europe, new financial mechanisms
allow the payment of farmers who decrease pesticide inputs
through the use of variety mixtures (e.g., French Govern-
ment 2018), which will promote the use of mixtures. Variety
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mixtures have well-known positive effects on disease control
(Finckh et al. 2000) and biocontrol of insects considered
as crop pests (Tooker et al. 2012; Vidal et al. 2020), but
can also benefit grain yield and yield stability (Vidal et al.
2020; Kier et al. 2009; Sarandon and Sarandon 1995; Zeller
et al. 2012), malting quality (Newton et al. 1998), and farm-
land biodiversity (Chateil et al. 2013; Johnson et al. 2006).
With its directive 66/402, the European Commission has
recently authorized the marketing of seed mixtures for cere-
als, allowing a more widespread use of mixtures. However,
the choice of varieties to be grown together remains often
empirical, and practitioners largely lack science-based guid-
ance for selecting particular mixtures according to prior-
itized agronomic and environmental objectives (Barot et al.
2017). Important concepts and challenges associated with
the design of variety mixtures have been identified by dif-
ferent authors (Barot et al. 2017; Borg et al. 2018; Litrico
and Violle 2015; Wuest et al. 2021), but experimental trials
have generally focused on yield and/or control of diseases
(Lopez and Mundt 2000; Mille et al. 2006). We still need
approaches that could guide the design of variety mixtures
according to the multiple ecosystem services prioritized by
practitioners and the screening of many possible mixtures.

One possible approach is to make better use of the
insights gained from previous ecological studies of the
relationships between biodiversity and ecosystem function-
ing (BEF), particularly on the processes underlying these
relationships (Cardinale et al. 2003; Diaz and Cabido 2001;
Loreau and Hector 2001; Weisser et al. 2017). For instance,
the role of biodiversity is explained by complementary and
selection effects (Loreau and Hector 2001), and the number
of both species and functional groups are important for eco-
system functioning and the ensuing number and nature of
provided services (Reich et al. 2004). The functional traits of
plant species or genotypes are of major importance to under-
stand and predict biodiversity effects on ecosystem function-
ing (Weisser et al. 2017; Lavorel and Garnier 2002; Til-
man et al. 1997). Classifying crop varieties into functional
groups based on the screening of many functional traits
(Martin et al. 2015) therefore seems an appealing approach
to design variety mixtures. However, it has been reported
that a priori classification of plant species into functional
groups is rarely effective to predict ecosystem functioning
(Wright et al. 2006), due to the lack of knowledge about
the impact of functional traits (their mean values and their
diversity) on ecosystem functioning and the provision of
services. Alternative approaches to a priori classification
of crop varieties into functional groups should be tested to
help farmers choose varieties to be mixed to reach specific
agronomic and environmental goals.

The objective of this study was to analyze to what extent the
functional diversity associated with varieties/mixtures within
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Fig. 1 View of a part of the
experimental trial in Versailles
used to unfold the link between
the variety (and functional trait)
diversity within wheat plots and
the baskets of services delivered
by these plots. Each 10.5 m X
8.0 m plot was buffered from
adjacent plots by 1.75-m-wide
rows of triticale (darker green).
The same field trial was repli-
cated with smaller plots at four
other locations in France (see
Fig. S3).

wheat plots can predict a set of agroecosystem services pro-
vided by these varieties/mixtures. Here, we used 16 wheat
varieties characterized for 26 below- and aboveground func-
tional traits (Table S1, see Cantarel et al. 2021) and classified
accordingly into 4 functional groups (Fig. S1, see Dubs et al.
2018). This pool of varieties was used to design a main field
trial at Versailles with 88 wheat plots cultivated with single
varieties or mixtures of 2, 4, or 8§ varieties differing in terms of
functional group composition (Fig. 1; Fig. S2 & S3). Thirteen
provisioning and regulating services (listed in Table S2) were
quantified for each plot over one year on this main field trial. In
addition, the experimental design was replicated using smaller
plots at 4 other locations and for 2 years, using 2 managements
(conventional and low input) each time, to assess two other
proxies of services, i.e., yield stability between years and yield
stability between locations X managements. This led to the
quantification of 15 (proxies of) services in total. We initially
assumed that (i) the variety number would be a poor predic-
tor of the variance of the different services studied, whereas
functional group composition would better predict services as
reported in previous BEF studies. Further, we hypothesized
that (ii) a higher part of the variance in the different services
could be explained using the RLQ method (Dray and Leg-
endre 2008), which could also unfold the link between variety
traits and services. This method initially designed to assess
trait filtering by environmental variables was not applied in
BEF studies before. RLQ is a co-inertia analysis that couples
multiple data sets and identifies co-relationships between
them. Normally, the RLQ analysis relates a (species X func-
tional traits) matrix Q to a (sites X environmental variables)
matrix R, using a (sites X species abundances) matrix L as a
link. Here, sites are wheat plots, and we replaced species by
varieties in the matrices Q and L, and environmental variables
by ecosystem services in the matrix R. This corresponds to a
novel approach for assessing to what extent particular baskets
of services are associated to specific bundles of functional
traits (mean values and diversity of variety traits within plots).

We discuss the implications of our results for the advance-
ment of knowledge of BEF relationships focused on the role of
intraspecific diversity. We also discuss the implications for the
design of variety mixtures able to deliver baskets of services
prioritized by farmers.

2 Materials and methods

The experimental design is based on the design of recent
BEF experiments (e.g., Weisser et al. 2017) where both rich-
ness (here variety number) and functional group diversity
are manipulated concurrently to minimize their correla-
tion (Fig. S2). In this type of design, the objective is not
to compare the performance of specific mixtures (hence no
replicates of particular varieties or mixtures are used) but to
analyze the role of variety diversity, in particular richness
and functional group number. True replicates are used for
each level of variety richness X functional group number
using different variety compositions (Fig. S2).

2.1 Variety phenotyping, and clustering
into functional groups

Initially, a set of 57 wheat lines widely used in France was
phenotyped: (i) 32 elite varieties of bread wheat; (ii) 5 mod-
ern varieties widely used in organic or low-input farming
systems; (iii) 9 landraces resulting from mass selection by
farmers, cultivated in France in the early twentieth century;
and (iv) 11 highly diverse lines derived from a MAGIC
(multiparent advanced generation intercross) mapping
population. We used the data collected on these 57 vari-
eties for 26 agronomic (e.g., yield components, earliness
and disease control) and ecophysiological (e.g., specific leaf
area and root absorption capacity of mineral N forms) traits
(Table S1; detailed in Cantarel et al. 2021).

Multivariate clustering analysis (Ward method) resulted
in 6 functional groups, FGs, of varieties, two of them being
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unstable (see details in Dubs et al. 2018). The four stable
functional groups retained were characterized as follows:
FG1 included varieties sensitive to fungal diseases and with
root traits indicative of low potential for soil exploration/
exploitation; FG2 was composed of varieties with intermedi-
ate values for most functional traits; FG3 included varieties
with slow growth but high plant-plant aggressiveness; and
FG4 gathered varieties resistant to fungal diseases and with
high potential for soil exploration/exploitation. Four varie-
ties were randomly selected within each functional group.

2.2 Study sites and experimental design

The 16 selected varieties were assembled into 72 different
mixtures (plus the 16 varieties in pure stands, hence a total
of 88 plots), allowing us to explore a gradient in both variety
number (1, 2, 4, and 8) and functional diversity (1, 2, 3, or
4 functional groups) (Fig. S2).

The main experimental trial was located at the INRAE
experimental station in Versailles, France (Fig. S3). The
characteristics of the site in Versailles are presented in
Table S3. The soil had a total N content of 1.0 + 0.1 g
kg™, a total C content of 12.2 + 1.8 g kg™!, and an organic
matter content of 21.0 + 3.1 g kg™!, with 204 + 21 g kg™!
of clay, 534 + 74 g kg~ of silt and 260 + 57 g kg~! of sand
for the 0 to 15 cm depth. Pure stands and mixtures were
sown in November 2014 with 180 g of seeds m~2. The total
seed density was the same in the mixtures and monocul-
tures, and the component varieties in the mixtures were
all equi-proportional, i.e., 50:50 for two varieties mixed;
25:25:25:25 for four varieties mixed, etc. The plots (10.5
m X 8.0 m) were randomly distributed over the experimen-
tal area and each plot was buffered from adjacent plots or
site edge by a 1.75-m-wide row of triticale (X Triticose-
cale) (Fig. 1). The plots were managed conventionally but
with relatively low input levels, i.e., only one herbicide
spray (Archipel® and Harmony Extra®) in mid-March,
and sub-optimal levels of ammonium-nitrate applied (i.e.,
a total of 140 kg-N ha~! representing 67% of the N input
needed to reach yield potential at this site: 40 kg-N ha™!
on March 5, 60 kg-N ha~! on April 16, 40 kg-N ha~! on
May 11). No insecticide/fungicide was used.

In addition, the same field trial (but with smaller
plots) was replicated at four other locations (also INRAE
experimental stations) in France during the same growing
season (2014-2015) and the following one (2015-2016)
using two managements (high and low fertilization) each
time (i.e., 88 plots X 4 locations X 2 managements X 2
years), in order to quantify the yield stability across man-
agements/sites and across years. The main characteristics
of the sites are presented in Table S3 (see also a map in
Fig. S3). At each site, the 88 variety compositions were
tested for two different N input levels (conventional vs.
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low input). Each trial was based on a randomized block
design with 2 blocks and all the (88 variety compositions
X 2 N levels) by block. Under conventional management,
plots were managed following local agronomic practices
(full pest management including herbicides, fungicides,
and insecticides and the additional use of a growth regula-
tor in Rennes). The required mineral N input for optimal
yield was calculated based on previous culture mineral N
leftover and maximum yield expectations for each site.
The low-input management differed only by the amount
of N-fertilizer applied with a pre-defined yield objective
of ca. —100 kg-N ha~! compared to the conventional man-
agement. In practice, given that the occurrence of high
leftovers at some sites for some years, N applied at the four
sites and two years were (all numbers in kg-N ha™!): Cler-
mont-Ferrand 2015 (conventional: 60; low input: 0); Cler-
mont-Ferrand 2016 (140, 60); Dijon 2015 (130, 60); Dijon
2016 (170, 50); Rennes 2015 (110, 30); Rennes 2016 (155,
60); Toulouse 2015 (215, 120); and Toulouse 2016 (215,
115). Plot size was 7.5 m? in Clermont-Ferrand, 8.25 m? in
Dijon, 6.34 m? in Rennes, and 8.78 m? in Toulouse. Plots
were harvested at full physiological maturity during the
summers 2015 and 2016, and grain yield was expressed on
a 15% water content basis. These data were used to com-
pute two yield stability indices, i.e., stability across sites
and managements, and stability across years (see below).

2.3 Quantification of (proxies of) services in wheat
plots

Fifteen (proxies of) services (4 proxies of provisioning ser-
vices plus 2 indices of yield stability, and 9 proxies of regu-
lating services) were quantified for all the 88 plots of the
main field trial in Versailles.

Grainyield All plots were harvested during the last week of
July and the first week of August, with a MB Hege 140 com-
bine harvester (Hege Maschinen GmbH, Waldenburg, Ger-
many) with a cut-width of 1.75 m, for the central 1.75 m sec-
tion along the entire plot length. Grain yield was expressed
as mean grain mass measured at 15% humidity, in t ha™’.

Grain N content The percentage of N content of the grains is
a crucial feature determining the economic value of a wheat
crop and the functional quality of the flour. Grains were
dried at 80°C and were ground. The N content was deter-
mined using a CN elemental analyzer (Vario Microcube,
ELEMENTAR, Germany) according to the Dumas method,
using on average 6.2 mg of milled grains.

Specific weight of grains Specific weight (i.e., weight of a
volume of grain, sometimes also called “hectoliter mass™)
is another important facet of the grain production service. It
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is one of the oldest specifications used in wheat grading and
an important indicator of the physical quality of wheat, with
requirements defined for milling or export (Manley et al.
2009). Grain specific weight was measured using a Dickey
John GAC 2000 grain analysis computer (Church Industries,
Minneapolis, USA).

Lodging resistance It was derived from the quantification of
the percentage of the plot surface which was lodged (%LS).
This surface was quantified visually using a 5% step scale.
Lodging resistance was expressed as (100—%LS), with
0%—highly susceptible, to 100%—fully resistant.

Shoot biomass before harvest Shoot (straw and foliage) bio-
mass was harvested from June 1 to June 6, 2015, at the onset
of flowering in sub-plots of 50 X 52.5 cm centered on three
rows by uprooting whole plants and by separating shoots
from roots. Shoots were dried at 65°C for 72h and weighed.
Data are expressed in g m™2.

Recovery efficiency of the N-fertilizer by wheat A '°N
labeling experiment was conducted in the 88 experimental
plots on the main field experiment in Versailles to quantify
the capacity of the monocultures and variety mixtures to
exploit the N-fertilizer applied. To do so, and in addition to
the application of 40 kg-N ha~! of a nitrogenous fertilizer
(ammonium-nitrate NH,-NO;) in the 88 experimental plots
on March 5, 2015, an application of 5N, as 15NH415NO3
(i.e., the same form as the N-fertilizer used at the study site)
at a rate of 36 mg N m (labeled at 98%) was made by
sprinkling slowly one liter of demineralized water containing
the labeled N over an area of 90 cm X 90 cm in each experi-
mental plot (avoiding any lateral transfer to the nearby area)
on March 11, 2015. Total shoot and root biomasses of wheat
were then collected from June 1 to June 6, 2015, at flower-
ing stage, in a 50 cm X 52.5 cm area located in the middle
of the same 90 cm X 90 cm labeling area, which included
3 wheat rows. All shoot biomass was collected. Roots were
collected from O to 15cm: main roots were collected when
collecting the whole plants on the three rows and fine roots
from 0 to 15cm using two soil (8 cm diameter) cores. Roots
were washed and shoot and root biomasses were then dried
at 65°C for 72h before weighing. Shoot and root biomasses
were expressed in g m~2. Shoot and root materials were
ground and analyzed for %N and §'°N using an elemental
analyzer coupled to an isotope ratio mass spectrometer (EA-
IRMS, Carlo-Erba NA-1500 NC Elemental Analyzer on line
with a Fisons Optima Isotope Ratio Mass Spectrometer).
Shoot and root >N amounts (mg 5N m™2) were calculated as
the atom % excess N concentration in shoot or root (meas-
ured atom %'>N minus natural abundance '°N) times the
mass of N in the shoot or root biomass (g N m~?). Shoot
or root N recovery efficiency was determined as the ratio

between shoot or root >N content and the amount of N
added, and expressed in %. Total N recovery efficiency by
wheat plants was determined as the sum of shoot and root
5N recovery efficiencies, expressed in % of the added N.

Recovery efficiency of the N-fertilizer by the soil-plant sys-
tem The same "°N labeling was used to quantify the ability
of the different varieties and mixtures to retain the fertilizer-
N applied in the plant-soil system (i.e., ability to reduce
total losses of the added N through denitrification, leaching).
Shoot and root '°N recovery were determined as described
above. In addition, soil N and >N contents were measured
using soil cores (8 cm diameter) retrieved from the 0- to
15-cm soil layer. The soil samples were oven dried for 24h
at 105°C, ground and analyzed for %N and 8'°N using an
elemental analyzer coupled to an isotope ratio mass spec-
trometer (EA-IRMS, Carlo-Erba NA-1500 NC Elemental
Analyzer on line with a Fisons Optima Isotope Ratio Mass
Spectrometer). Soil N content of the 0—15-cm soil layer was
calculated as the product of the soil N concentration and
total soil amount per square meter in the 0—15-cm layer,
i.e., accounting for soil bulk density. It was expressed in g
N m™. Soil N mass (in mg >N m~2) was calculated as the
atom % excess '°N concentration times the mass of N (g N
m~2) in the 0—15-cm layer. Total '>N recovery efficiency by
the plant—soil system was determined as the sum of shoot,
root, and soil PN recovery, expressed in % of the added 5N,

Soil supply of mineral N Time-integrated values of soil
N-mineral made available for plants were quantified using
resin bags that allow quantification of the release of mineral
N by soil over time (Robson et al. 2007). Five resin bags
composed of 5 g of Amberlite® IRN-150 ion exchange resin
(VWR) were buried in each of the 88 plots at 10cm depth
in May 2015 and let in the field for 10 days. After the resin
bag recovery, the ions adsorbed on the resin were desorbed
using a HCL 1M solution. For each resin bag, nitrate and
ammonium levels from the desorbed solution were measured
using a photometer (Smartchem 200, KPM Analytics).

Regulation of N,O production by soil Soil was sampled
in May 2015, at the beginning of the flowering phase. In
each plot, ten soil samples were randomly taken using
a corer (0—8 cm depth; 8cm diameter), i.e., a total of 880
cores (10 cores X 88 plots), and a composite soil sample
was obtained by pooling the ten samples per plot. For each
of the 88 composite samples, fresh soil was sieved (2-mm
mesh) and stored in plastic bags at +4°C a few days before
measurements. The capacity of soil to produce N,O was
measured using fresh soil (10 g dw equivalent) according to
Patra et al. (2005) for all the composite samples with a gas
chromatograph (R3000 SRA, Marcy 1’Etoile France). The
N,O production capacity was calculated from the linear rate
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of production of N,O during an 8-h incubation. A proxy of
the service “regulation of N,O production” was computed
for each plot as: maximum production rate observed across
plots—production rate for the given plot.

Predation for biocontrol of crop pests Predation rates were
estimated during 24 h at the following dates: April 22, May
4, May 18, and July 2, 2015, according to the method of Ost-
man (2004). In each plot, 40 identical baits (dried Calanus
copepods) were used to measure the rate of prey removal
(strictly speaking the rate of scavenging), which we used
as a proxy for predation rates. These baits were glued on
small pieces of adhesive tape (1 cm X 4 cm Tesa double-
sided tape taped on white paper), with 10 baits X 4 pieces
of adhesive tape per plot. The baited papers were anchored
to the ground with pins and spread homogeneously in each
plot. The rate of bait removal was then monitored through
time. At each date, the experiment started around 10 am. At
all dates, the number of baits removed from each paper was
recorded after ca. 4 h of exposure to predators. We tested the
relevance of using dead preys to assess predation rates by
comparing the rate of removal of dead vs. live preys, which
were provided in equal amounts in all plots on the first moni-
toring session. The rate of removal was slightly higher for
live vs. dead preys, but the differences among plots was not
significant, without any interaction between type of prey and
wheat diversity treatments, such that the rate of dead prey
removal could be used as a good proxy for rate of live prey
removal. The level of predation for control of crop pests was
expressed in each plot as the sum across the four measure-
ment dates of the mean number of baits removed after 4 h
per baited paper.

Weed control A floristic survey was carried out in each plot
on four equal areas of 2 m X 1.75 m (the most abundant
weed species being Agrostis stolonifera, Equisetum arvense,
and Galium aparine). All weed individuals were counted.
Weed abundance in plot p, Wp, was measured as the total
number of individual plants N, standardized as follows to
vary between 0 and 100: Wp = IOOXNp/maxp(Np), where
max,, (N,) is the maximum weed abundance across plots.
The level of weed control was characterized as log[(100-
W,)+1]. Log-transformation was used to improve normality
(one outlier plot with a large weed abundance).

Control of yellow rust and Septoria leaf blotch Yellow rust
disease levels were assessed three times during the cropping
season for the three upper leaves of single stems to catch the
dynamics of the epidemic. The date with largest contrast
between plots (heading stage) was retained for further analy-
sis. A semi-quantitative scale (10% steps) was used, based
on the percentage of the total leaf area covered by sporulat-
ing lesions. The number of main stems scored per plot was
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proportional to the number of cultivars included in the mix-
ture (i.e., 8 stems per monoculture plot, but 16, 32, and 64
stems in 2-, 4-, and 8-variety mixture plots, respectively) to
generate data with sampling efforts that account for mixture
complexity. This led to a total of 2688 stems scored over the
cropping season. The control of yellow rust was expressed as:
(100 - the percentage of the leaf surface visibly infected by
yellow rust). The same method was used to quantify control
of Septoria leaf blotch, which was also expressed as (100 - the
percentage of the leaf surface visibly infected by Septoria).

Yield stability Two indicators of yield stability were com-
puted. The first one is a spatial stability indicator calculated
on yields quantified in 2015 which measures the ability of
the mixtures/varieties to keep their yield stable between Ver-
sailles and 8 other environments that are combinations of site
(Clermont-Ferrand, Dijon, Rennes, Toulouse) and manage-
ment (conventional, or low input). This is thus a proxy of the
ability of each mixture to face different sites (soil/climate) and
management conditions on a given year. The yield of mixture/
variety i in environment j and block k is expressed as follows:

Yyu=#n+V,+E +EB; +VE; + ¢,

with u the average yield of the mixtures/varieties in Ver-
sailles, V, the yield of mixture/variety i in Versailles (mean-
ing the difference between the yield of mixture/variety i and
the average yield u), E; the mean response of the mixtures/
varieties to environment j, EB i the effect of block & in envi-
ronment j, VEij the interaction between mixture/variety i
and environment j, and €k the residue for mixture/variety i
in environment j and block k.

The yield variability across sites/managements was cal-
culated for each mixture/variety as follows:

8

% - (VE;)®

Those yield variabilities (in t/ha) were then converted to
stability indicators by calculating their absolute distance to
the maximum value across all the estimates of performance
variability.

The second indicator measures the inter-annual stability
of the mixtures/varieties and corresponds to the capacity of
each mixture/variety to limit yield variations between 2015
and 2016 over the 8 environments studied (site X manage-
ment combinations). The yield of the mixture/variety i in
environment j, in year m and in block k is expressed as
follows:

Y u+V,+E +A,+AE, +VE;+ AEB,, + VAE,,; +¢;

ijmk = ijmk

with u the average yield of mixtures/varieties in 2015, V;
the average performance of mixture/variety i in 2015 (i.e.,
difference between the average yield of mixture/variety i
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in 2015 and u), E; the average response of the mixtures/
varieties to the environment j in 2015, VE;; the interaction
between mixture/variety i and environment j, A,, the aver-
age change in yield between 2015 and 2016, A, + AE,,; the
average change in yield between 2015 and 2016 in environ-
ment j, A, + AE,,; + VAE,,; the average change in yield
between 2015 and 2016 for mixture/variety i in environment
J, AEijk the effect of block k in year m in environment j,
and €, the residue for mixture/variety i in environment j,
year m and block k. The inter-annual yield variability was
calculated for each mixture/variety i as follows:

1 8 2
\/ 3 ijl (A, + AE,; + VAE,,)

The inter-annual yield variabilities for each mixture/vari-
ety (in t/ha) were then converted to stability indicators by
calculating the difference to the maximum value.

2.4 Data analysis

For each ecosystem service, the spatial coordinates (longitude
X and latitude Y) of plots, and their squared value, were used to
test for possible spatial gradients or border effects. Spatial gra-
dients were detected for 4 services (grain quality, biocontrol of
crop pests, regulation of N,O production, and shoot biomass)
and corrected by retaining the residuals of a linear regression
of these services on the 4 spatial variables X, Y, X2, and Y2

To assess tradeoffs and synergies between ecosystem ser-
vices, Spearman correlations were computed between all
pairs of services, either for the 16 pure stands or 72 mix-
tures, using the PerformanceAnalytics package CRAN 2.0.4
(Peterson et al. 2020).

Single or multiple linear models and analyses of vari-
ance were used to predict each service according to mixture
composition in terms of (i) variety number, (ii) functional
group number, and (iii) percentage of each functional group.
The significance of effects was calculated using type II sums
of squares for unbalanced designs (Bolker et al. 2009). The
goodness of fit of each model was calculated as an adjusted
R? for linear models.

To describe the relationships between baskets of services
and bundles of variety traits, we performed a RLQ analysis
linking a table R (here plots X ecosystem services) and a table
Q (varieties X functional traits) through a table L (plots x
variety compositions). The RLQ analysis consists in analyzing
the joint structure of these three tables to decompose the vari-
ance of each component of the cross-matrix, and it provides
the common ordination axes onto which variety traits and
ecosystem services are projected (Dolédec et al. 1996). First,
each table was separately analyzed by a specific multivariate

analysis, allowing the determination of the proportion of the
total variance of each table represented by the RLQ. The vari-
ety composition table L was analyzed by a correspondence
analysis, while principal component analysis was applied to
the quantitative trait table Q and service table R. The sig-
nificance of the relationship between services and traits was
tested using random permutations (Dray and Legendre 2008;
Ter Braak et al. 2012). Finally, a Ward’s hierarchical classi-
fication based on Euclidian distance along the first two RLQ
axes allowed an a posteriori clustering of plots and a more
synthetic description of plot properties. The criteria used
to define the clusters were (i) to generate between 4 and 8
groups, in order to identify sufficiently different baskets of
services (gathering plots into too large groups would indeed
dilute group specificities) while avoiding to generate too
many groups that would include a too low number of varie-
ties/mixtures (which would restrict statistical tests between
groups), and (ii) to make sure that the number of groups was
stable with a +£10% relative change in the value of the distance
threshold used for the clustering. Each of the plots was further
described in terms of baskets of services and bundles of vari-
ety traits (sown community-weighted mean values of traits,
CWM, and Rao’s Q diversity index, RaoQ, for each trait, that
are frequently used to measure functional diversity; Botta-
Dukét 2005). The CWM and RaoQ values were computed at
sowing, i.e., considering the initial and balanced proportions
of variety mixture components. Realized sown values would
have been interesting to measure, but quantifying the (mass)
proportions of the individual mixture components is hardly
tractable for variety mixtures. For each variable (each service,
and each trait in term of sown CWM or RaoQQ), the difference
between groups of plots was calculated using type Il sums of
squares for unbalanced designs in linear models. Effects were
tested using multiple comparisons of means (Tukey’s honestly
significant difference). We finally tested whether the baskets
of services associated to the groups of plots defined from the
RLQ results were related to the bundles of traits character-
izing these groups.

All statistical analyses were performed using R (version
4.0.5), including ADE-4, and—for unbalanced design—the
car Package (Fox and Weisberg 2019).

3 Results and discussion

3.1 Variety mixtures weaken tradeoffs
and synergies normally observed
between services when cultivating single

varieties

The range of grain yield values observed across the 88 plots
from the main field trial was 4.49 to 8.27 t ha~!. Analyses
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of mixture effects on specific services with absolute val-
ues of services can be found in recent publications of the
Wheatamix consortium (in particular Vidal et al. 2020 for
yield and disease severity). When considering the 16 wheat
varieties cultivated alone (not the mixtures), strong positive
correlations were observed between some services (Fig. S4),
in particular (i) between rust control and either grain yield,
weed control, or resistance to lodging (Spearman correlation
coefficients p from 0.44 to 0.84); (ii) between grain yield and
shoot production (p= 0.52); and (ii) between the recovery
efficiency of fertilizer-N by the soil-plant system and grain
yield or shoot production (p = 0.54 to 0.73). In contrast,
tradeoffs (i.e., negative correlations) among services were
observed in particular (i) between grain N content and either
grain yield, yellow rust control, weed control, or resist-
ance to lodging (p = —0.48 to —0.81), and (ii) between the
level of predation for biocontrol of crop pests and recovery
efficiency of the fertilizer-N by the soil-plant system (p =
—0.49) (Fig. S4).

The three positive correlations observed with yellow rust
control can be explained by the fact that this trait has been
selected along with resistance to lodging and variety capac-
ity to produce shoots and grains by farmers and seed com-
panies (Ellis et al. 2014; Shah et al. 2019). The positive link
between fertilizer-N recovery efficiency and shoot produc-
tion makes sense as the higher the plant biomass production,
the higher its demand for N, and likely the higher its immo-
bilization of fertilizer-N. The negative correlation observed
between grain yield and grain N content is well-known and
discussed in the literature (e.g., Bogard et al. 2010). In con-
trast, understanding some positive correlations such as the
one observed between yellow rust control and weed control,

or a negative correlation such as the one observed between
crop pest biocontrol and recovery efficiency of the fertilizer-
N by the soil-plant system, is not straightforward. This type
of correlation may be due to either synergies between plant
traits in relation to genomic features and/or to hidden variety
selection effects.

When considering the varieties in pure stands only, in
total 13 significant correlations were observed between ser-
vices, 12 with a p absolute value > 0.49. But when consider-
ing the wheat mixtures rather than the 16 varieties in mono-
cultures, only 2 correlations were observed with a p absolute
value > 0.49 (0.49 and —0.61; Fig. S5). This weakening of
the strength of the correlations between services (especially
negatives ones, i.e., tradeoffs) thanks to the use of mixtures
is interesting because it paves the way to obtaining baskets
of services not reachable when cultivating only a single vari-
ety in each plot.

The—on average—Ilower strength of the correlations
between services observed when considering the mixtures
(variety number >1) than when considering the pure stands
are consistent with a “Jack-of-all-trades” effect, which for-
malizes the notion that species—or here genotypes—have a
certain degree of specialization so that a single species/geno-
type can maximize particular functions favorable to some
services but at the expense of other functions and services,
due to tradeoffs between functional traits at the plant indi-
vidual level (Futuyma and Moreno 1988). Furthermore, it
has been reported that the strength of plant diversity effects
differs between different categories of (agro)ecosystem pro-
cesses (Allan et al. 2013), which can also explain modified
relationships between the services provided by mixtures
compared to those observed for monocultures.

Table 1 Fraction of variance in
ecosystem services explained
by the number of varieties (var

#), the number of functional
groups a priori defined from
variety functional traits (fg
#), the percentages of these

4 functional groups (% fg),
and the groups identified
from the RLQ analysis
(RLQg). *, 0.01<p<0.05; **,
0.01<p<0.001; ***, p<0.001;
ns, not significantly different.

2 swer INRA@

(Proxy of) service var # fg # % fg RLQg

R’adj P R’adj P R?adj P R? adj P
Grain yield ns ns 0.381 woEE 0.644 woEE
Grain N content ns ns 0.507 wHE 0.638 HE
Grain specific weight ns ns 0.559 ok 0.731 woHE
Shoot biomass ns ns ns ns
Yield stability across sites 0.122 *ok 0.066 * ns 0.435 Hokk
Yield inter-annual stability ns ns ns 0.183 *
Predation for pest control ns ns ns 0.105 *
Regulation of weeds ns ns ns ns
Regulation of N,O ns ns ns 0.255 K
Lodging resistance ns ns 0.361 ok 0.524 ok
Yellow rust control ns ns 0.313 ok 0.586 HE
Septoria control ns ns 0.198 ok 0.413 ok
Soil N supply to plants ns ns ns ns
N recovery efficiency by plants ns ns ns 0.169 *

N recovery efficiency by the soil-
plant system

ns

ns

ns

ns
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Fig.2 Radar charts presenting
the baskets of the 15 ecosys-
tem services characterizing

the 88 wheat plots classified * Yield stability (sites x

according to the within-field management)
number of (Top) varieties or
(Bottom) variety functional

Regulation of N20

groups (FGs) defined based on
26 variety functional traits. For
each service, scores of 0 and
100 correspond respectively

to the lowest and highest level
of service observed across all
plots. No significant effect of
variety number or functional
group number was observed on
any service, except for the yield

Septoria control

Yellow rust control

Yield stability
(interannual)

N'.
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1007 <
Grain N content

Grain specific weight

Shoot biomass =1 variety

NQ

=3 varieties

Resistance to lodging

===/ varieties

Soil N supply

stability across sites x manage- Weed control N recovery by plants
ments (variety number effect: Pest control N rec:vlerytbv soil
p=0.0006; FG number effect: plants
p=0.027).
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Y.ield siabiy 100 Grain N content
(interannual)
80

*  Yield stability (sites x )
management) g

Regulation of N20

Septoria control

Yellow rust control

Weed control

Pest control

3.2 Variety number and a priori defined functional
group composition poorly predict services

We analyzed the 15 (proxies of) ecosystem services docu-
mented for the 88 wheat plots based on their composition in
terms of variety number and functional groups defined from
the previous quantification of 26 functional traits for each
variety (Table 1). Variety number did not influence any of
the 15 ecosystem services, except—though weakly—yield
stability across sites/managements that increased signifi-
cantly with variety number (Table 1; Fig. 2). Similarly, the
number of functional groups did not influence any ecosystem
service, except marginally yield stability between sites/man-
agements (Fig. 2). Linear modeling showed that information
on the percentages of the 4 functional groups of varieties
present in each mixture was useful to predict only 6 of the
15 services, and generally with a weak predictive power (2
services with decent R?: 0.51 and 0.56 for grain N content
and specific weight, respectively; and lower R? ranging from

Grain specific weight

Shoot biomass RS
=2 FGs
Resistance to lodging
w3 FGs

Soil N supply

N recovery by plants

N recovery by soil+plants

0.20 to 0.38 for the 4 other services). Overall, despite the
huge effort devoted here to the categorization of the varie-
ties into functional groups using 26 below- and aboveground
functional traits, information on variety number and func-
tional groups was not sufficient to predict most ecosystem
services well (Table 1) and to infer which baskets of services
were associated to which types of mixtures (Fig. 2).

The lack of predictive capacity of variety number for
most of the studied services is consistent with the conclu-
sions of many BEF studies indicating that plant functional
composition is much more important than richness for eco-
system functioning and services (Tilman et al. 1997; Le
Roux et al. 2013; Weisser et al. 2017). Interestingly, wheat
variety number only influenced yield stability between sites/
managements. This is consistent with many reports showing
that increasing species richness (in particular in grasslands)
decreases the temporal variations of whole-community bio-
mass (Gross et al. 2014). The limitation of the a priori clas-
sification of plants into functional groups has also already

INRAZ 2 spnge
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been observed in BEF studies. For instance, studies linking
plant functional diversity to ecosystem functioning typically
employ a priori classifications of species into hypothetically
complementary groups like grass/forb/legume. However,
Wright et al. (2006) reported that the predictive capacity of
such classifications was seldom significantly higher than that
of random classifications, and that optimal post hoc classifi-
cations of species had a higher predictive power of ecosys-
tem functions. Several authors acknowledged that alternative
classifications based explicitly on species ecophysiological
and morphological traits might be more useful (Reich et al.
2004, Craine et al. 2002; Petchey and Gaston 2002) and cap-
ture more of the functional variation that leads to diversity
effects than traditional classifications (Petchey 2004). Nev-
ertheless, our results using this kind of trait-based approach
show that the sole large-scale phenotyping of crop varieties
might be a cul-de-sac for designing variety mixtures relevant
to tackle specific agronomic and environmental objectives.

3.3 The RLQ method can determine which varieties
and variety mixtures, associated to which
bundles of traits, deliver a type of baskets
of services

As an alternative to a priori classification of varieties,
we applied the RLQ method which links three matrices
(Fig. 3): here, the (plot X variety composition) table; the

Fig.3 Principles of the RLQ
analysis relating the composi-
tion of wheat fields in term

(varieties X functional traits) table; and the (plot X eco-
system services) table, by providing ordination scores
to summarize the joint structure among the three tables.
This allowed the analysis of the (services X functional
traits) relationships as an output (Fig. 3 and 4). The RLQ
analysis revealed a significant relationship between the
services and traits (»p<0.0001). The first two axes of the
RLQ plan extracted 88% of the total variance (75.2 and
12.7% for axes 1 and 2, respectively; Table S3). In par-
ticular, the first two axes of the RLQ accounted for 83%
of variability of the ordination achieved on services and
94% of the variability of the ordination on the trait table,
and Fig. 4A-D is thus a very good representation of the
variance in services and traits. In term of services, axis
1 was strongly linked to resistance to lodging and yield
(positively), and negatively to grain N content and—to a
lesser extent—Septoria control and yield stability across
sites/managements (Fig. 4D). Axis 2 was mostly linked
to crop pest biocontrol and recovery efficiency of the
fertilizer-N by the soil-plant system (positively) as well
as the specific weight of grains (negatively) (Fig. 4D).
Co-inertia analysis showed a significant correlation (p
= 0.001) between the service matrix and the sown CWM
values of traits. In contrast the correlation between the
service matrix and trait diversity (sown RaoQ values)
was lower. This result is consistent with the mass ratio
hypothesis (Grime 1998), well supported by both theory

Principles of the RLQ approach applied to link bundles of traits in
variety mixtures to baskets of services delivered by these mixtures

of mlxturf:s of var'letles, V, varieties seiulces §152S3.. s15
and functional traits, 7, to the F1 i = I
baskets of ecosystem services, F2 T -
S, they provide. The objective % L R H ;3 . :l :
is to analyze the information =
contained in three tables named ‘.‘l
respectively R (fields X ser- :
vices), which corresponds to the .l 1
measurements of ecosystem ser- 2 - 'y !.
. . © -
vices made in the plots; L (fields s 1
X varieties), which provides I.Jr. 1
the variety composition of the -
plo.ts; apd Q (traits X .Varletles)? - RLQ classification of wheat fields
which links the varieties to their - Analysis of the relationship between
measured functional traits. The
outcomes of the analysis are (i) ViV2V3.. V16

a test of the significance of the
link between the baskets of ser-
vices and the bundles of traits,
and (ii) a RLQ-based classifica-
tion of the wheat fields/variety
mixtures that allows an a poste-
riori analysis of the relationship
between bundles of traits and
baskets of services.

2 swer INRA@
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Fig.4 Results of the RLQ analysis. The panels A and B present the
location of the plots (represented by dots) in the plot defined by the
first two axes of the RLQ. Panel A distinguishes plots according to the
number of functional groups present in each plot, and panel B accord-
ing to the groups of plots defined by a Ward’s hierarchical classifica-
tion using the RLQ results. Panels C and D present the projections of
the vectors of the variety functional traits and the ecosystem services
delivered by plots, respectively. The grey dotted line in panel D locates
one service vector very close to the intercept. The insert in panel B
shows eigenvalues, with first two axes shown in black. The different
panels were built with the same two axes. Acronyms for traits are as
follows: SRR, shoot:root ratio; RGR, relative growth rate; LNC, flag
leaf nitrogen concentration; RNC, root nitrogen concentration; NO;,
NOj;-absorption capacity; NH4, NH4+ absorption capacity; RD, mean

and empirical evidence (Sonkoly et al. 2019), which states
that ecosystem functions or services are chiefly deter-
mined by CWM trait values rather than trait diversity.
Based on a Ward’s hierarchical classification using
Euclidian distance between mixtures along the first two
RLQ axes, the RLQ analysis allowed the identification
of 8 groups of wheat plots, including pure stands or vari-
ety mixtures (Fig. 4B and Fig. S6). These groups signifi-
cantly differed from one another for 14 of the 15 services

root diameter; RNb, mean root number; SRL, specific root length; RA,
mean root angle; RDMC, root dry matter content; LIMD, flag leaf
dry mass density; S4L, surface of the four superior leaves; VEL, verti-
cal coefficient of extinction of light; MSH, mean height of the main
stem shoot; GAIT1, green area index in December; GAIT6, green area
index in April; Comp, compensation capacity between 2 seeding den-
sities (ratio of ear density between sowing at 36 and 170 plants m-2);
EarD, ear density; Agg, aggressiveness index (ratio between tillering
under low density and high N and under high density and low N); Yr,
sensitivity to yellow rust; Septo, sensitivity to septoria; FD, flowering
date; EarP, mean number of ears per plant; TKW, thousand kernels
weight; KEar, mean number of kernels per ear.

studied (Fig. 4D and 5), and this classification explained
much more variance in the services than the composition
of plots in a priori defined functional groups (R*> > 0.4
for 7 services; Table 1). For instance, plots from group 4
were associated with high values for several services (Fig. 5),
in particular grain yield, shoot production, resistance to
lodging, yellow rust control, and inter-annual yield sta-
bility. But the plots from this group had the lowest value
for grain N concentration and yield stability across sites/
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Fig.5 A Radar chart of the A Yield
baskets of ecosystem services 100
delivered by the 8 groups of Yield stability (interannual) Grain N content
wheat plots (i.e., pure stands ) o i —G1
and variety mixtures) identified Y'eI:‘:t:ab':z::?)es x ~ . Grain specific weight
from the RLQ analysis results o 3 —
(one color per RLQ group). For
each service in tht.: radar chart, Regulation of N20 " Shoot biomass -—G3
values are normalized from 0
to 100 for the minimum and

—G4

maximum values observed on
individual plots, respectively. B
For each service (i.e., each col-
umn), different letters identify
significant difference between
plot groups, G (ns, non-signif-
icant). Cells in green and red
indicate the groups of mixtures/
monocultures delivering the
highest and lowest level of the
service, respectively.

G5

G7

managements (Fig. 5). These monocultures and variety
mixtures are thus interesting if the main objective is to
maximize provisioning services at the expense of other
services such as grain N content.

In contrast, group 2 corresponded to plots that max-
imized the recovery efficiency of fertilizer-N by the
agroecosystem, the recovery efficiency of the ferti-
lizer-N by wheat, regulation of soil N,O production,
as well as yield stability (across both years and sites/
managements). Plots from group 2 also had poor perfor-
mance for grain N content and control of Septoria leaf
blotch. This group could thus be adequate for farmers
accepting moderate decrease in provisioning services

2 swer INRA@
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to favor yield stability as well as recovery efficiency of
fertilizer-N by the soil-plant system, and hence water
quality regulation by their croplands. Group 5 had the
highest value for grain quality (both N content and spe-
cific weight), regulation of N,O production, and yield
stability (across both years and sites/managements), and
the lowest value for soil N supply and recovery effi-
ciency of fertilizer-N by the soil-plant system (Fig. 5).
Group 3 corresponded to plots with high value for
inter-annual yield stability, high performance for yield
stability across sites/managements, and for regulation
of N,O production, with high to intermediate scores
for all services except pest control. This group could
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thus be recommended to increase the multifunctionality
of the wheat fields to farmers ready to accept a slight
decrease in grain yield. Group 7 was the only one lead-
ing simultaneously to high values for the biocontrol of
crop pests and both aspects of yield stability (i.e., across
both years and sites/managements), with low values for
yellow rust control and intermediate scores for the other
services. Finally, plots of group 1 had intermediate or—
often—Ilow values for all services, except high but vari-
able values for soil supply of mineral N and regulation
of N,O production (Fig. 5). This group would thus be
difficult to recommend to practitioners.

Noticeably, some tradeoffs observed here between baskets
of ecosystem services are consistent with tradeoffs between
services reported in previous studies. For instance, grain
yield is often negatively correlated to grain quality (Bogard
et al. 2010), and this tradeoff will likely increase with increased
atmospheric CO, concentrations (Broberg et al. 2017). Simi-
larly, as observed here, it was reported that grain yield and
shoot production were negatively correlated to the regulation
of N,O emissions in managed grasslands (Shi et al. 2019).
This shows that at least some tradeoffs observed in our exper-
iment are general and that an approach allowing practitioners
to select mixtures delivering different baskets of services is
needed. Remarkably, while one group was only composed of
varieties cultivated alone (group 1 with only two plots), some
groups were composed almost exclusively of variety mix-
tures. This demonstrates the interest of mixing varieties for
providing new baskets of services compared with those deliv-
ered by single varieties. More generally, our results show that,
even when mixing up to 8 varieties within fields, no group
of plots was able to maximize many ecosystem services. For
instance, would farmers want to maximize grain yield and
shoot production, they should use varieties or mixtures from
group 4 that also allow high control of crop pests and yellow
rust and high resistance to lodging, but have low grain N
content, low Septoria control, and low yield stability between
sites and managements. This is consistent with a “Jack-of-
all-trades” effect, with species or genotypes characterized by
a certain degree of specialization that cannot maximize all
functions. In the same vein, results from the study of van der
Plas et al. (2016) show that tree species diversity is positively
related with multifunctionality only when moderate levels
of ecosystem functioning are required, but negatively when
very high function levels are desired. Hence, even if variety
mixtures offer novel possibilities for the provision of new
baskets of services, when farmers have to choose varieties
or mixtures, they have to make informed choices in term of
a few services to be prioritized at the expense of others, or a
broader range of services to be provided at a good—even if
not maximal—Ilevel.

The RLQ-based classification of wheat plots also
allowed the identification of the sown CWM values of func-
tional traits and/or trait diversity values that characterized
each group of plots, i.e., each type of basket of services
(Fig. 6; Fig. S7). For instance, group 4 that maximized pro-
duction services was characterized by low relative growth
rate, low root number, low ammonium uptake capacity, low
leaf surface, high compensation capacity, high ear density,
and high sensitivity to yellow rust (Fig. 6). The fact that
ammonium uptake capacity by roots was low for this RLQ
group is likely due to an overlooked effect of the selection
of wheat varieties to maximize provisioning services as
already reported by Cantarel et al. (2021). This root trait
can also explain why plots from group 4 did not maximize
fertilizer-N recovery by wheat plants and by the soil-plant
system. It is indeed likely that varieties or mixtures with
low ammonium uptake capacity promoted a nitrate-based
N cycling rather than ammonium-based N cycling in soil,
hence increasing N losses since nitrate is more prone to
leaching and denitrification than ammonium (Subbarao
and Searchinger 2021). In parallel, the plots from group
4 had low values for trait diversity (Fig. S7). This shows
that maximizing provisioning services was best achieved
by elite varieties in pure stand, and that very few mixtures
can perform as well as these varieties in this perspective.
In contrast, the plots of group 2 corresponding to mixtures
minimizing N losses from the agroecosystem had interme-
diate sown CWM values for many traits studied but had
relatively high trait diversity values and in particular for
some root traits such as root angle and ammonium uptake
(Fig. S6). The good performance of plots from group 2
for reducing fertilizer-N losses could be explained by
complementarity effects between varieties with diverse
root architectures and N uptake capacities. These comple-
mentarity effects likely maximized the ability of the mix-
tures to access a larger soil volume and efficiently uptake
diverse soil N forms, thus minimizing N losses as previ-
ously observed for grassland (Bessler et al. 2012; Kahmen
et al. 2006) and seaweed species (Bracken and Stachowicz
2006). Similarly, the plots from group 3 that had intermedi-
ate values for many services had intermediate average and
diversity values for most traits. In addition, the plots from
group 1 that had the lowest level of yield stability across
both years and sites/managements also had the lowest val-
ues of trait diversity (Fig. S7). This supports the insurance
hypothesis stating that diversity insures ecosystems against
declines in their functioning in a fluctuating environment
because diverse species or genotypes provide greater guar-
antees that some will maintain functioning even if others
fail (Yachi and Loreau 1999).
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Fig.6 A Radar chart of the bundles of functional traits (here, com-
munity-weighted mean values) associated to the 8 groups of wheat
plots identified from the RLQ analysis results (one color per RLQ
group). For each trait in the radar chart, values are normalized from O
to 100 for the minimum and maximum values observed on individual

4 Conclusion

We assessed the relationships between intraspecific diversity—
in term of variety functional traits—and agroecosystem mul-
tifunctionality—in term of 15 (proxies of) provisioning and
regulating services—in a field trial with 88 plots exploring a
gradient of diversity (bread wheat varieties either in pure stand
or in 72 mixtures of 2, 4, or § components). Taken together, our
results demonstrate that the number of wheat varieties and the
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plots, respectively. Results of the same analysis for trait diversity are
presented in Fig. S7. B For each trait (table column), different letters
identify significant difference between plot groups. Group effect on
root dry matter content, RDMC, was not significant and is not dis-
played.

classification of varieties into functional groups (defined on the
basis of 26 functional traits) predict only poorly the provision
of multiple services and can hardly guide the design of mixtures
of varieties. For the first time, we applied the RLQ method to
unfold the link between intra-field variety diversity and multi-
functionality, and showed that this method allows relating par-
ticular baskets of services to specific bundles of variety traits
(in terms of mean values—and to a lesser extent variance—of
traits in the wheat variety mixtures). For instance, our results
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show that farmers can decide to (1) maximize grain yield and
shoot production by using varieties/variety mixtures that also
maximize resistance to lodging, but at the expanse of, e.g., grain
N content, recovery efficiency of the fertilizer-N by soil+plants,
and yield stability across sites/managements. In contrast, farm-
ers may decide to (2) use mixtures with less optimal—but still
high—yield values to optimize yield stability across years and
sites/managements while also optimizing the recovery efficiency
of the fertilizer-N by the soil+plant system; or to (3) maximize
grain quality (both N content and specific weight) as well as
yield stability at the expanse of yield and shoot production.
Moreover, our results point to the specific suite of functional
traits that is associated to each type of basket of services.

The approach presented here might generate actionable
knowledge fitting expectations from practitioners since it pro-
vides guidance for the design of particular variety mixtures
according to the baskets of services to be delivered. It could
be argued that there would be a hierarchy between some ser-
vices, with some regulating services being advantageous and
valued mostly through their contribution to yield. Actually,
although this hierarchy exists, we advocate that each service
may have a value on its own. For instance, regulating services
such as the limitation of the spreading of diseases and the bio-
control of crop pests and weeds tackle the goal of decreasing
pesticide inputs (even accepting a slight decrease of yield).
New financial mechanisms recently proposed in Europe that
allow to pay farmers who decrease their use of pesticides by
using variety mixtures (French Government 2018) are a good
example of how “regulating” services can be valued on their
own. In the future, it may be envisaged that other services
such as the regulation of greenhouse gas production by agro-
ecosystems may also be valued. Our approach allows a com-
prehensive analysis of the baskets of services, considering
that each service may be valued to some extent on its own.

We used here the same weight for all the 15 services, but
this approach is flexible because the RLQ analysis can be run
after selecting only some services particularly targeted by
users and/or after weighing differently the services consid-
ered depending on perceptions, economics, or agri-political
conditions (e.g., giving higher importance to some services
such as yield, yield stability and reduction of losses from fer-
tilizer-N, while minimizing the importance of other services).
Obviously, each set of service weights will lead to specific
RLQ outcomes. The choice of the set(s) of service weights to
be used could be informed by participatory approaches with
farmers, allowing them to propose different scenarios for
selecting and ranking services, according to farm specificities
and to current or future environmental and socio-economic
conditions as well as local/cultural specificities.

A limitation of the RLQ approach is that the clustering of
plots/baskets of services is made ex post, and that new experi-
ments could be needed if a new set of varieties is to be tested.
This can be a problem since the type of experiment presented

here is laborious and expensive. But the RLQ approach does
not only establish relationships between groups of varieties/
variety mixtures and baskets of services: it also establishes
links between the baskets of services delivered and the bun-
dles of traits that characterize the varieties/mixtures. The pre-
dictive power of the approach and usefulness for practice lies
in the latter link between baskets of services and bundles of
traits. Would these links be robust enough (which remains to
be tested), users could select bundles of traits in their mixtures
independently from the very varieties employed.

To fully exploit our approach to help farmers and actors
from the seed sector designing mixtures of varieties, we envi-
sion the following steps: (1) New experiments on small plots
in experimental farms should be implemented to test the
robustness of our RLQ results (both the mitigation of tradeoffs
between services by variety mixtures and the links between
baskets of services and bundles of traits). The experiments
should also test the interactions with crop management (e.g.,
comparing organic vs. non-organic agriculture). (2) Workshops
with farmers, extension services, breeders, and actors from the
seed sector should be organized to determine priorities in the
services to be delivered, related to scenarios of, e.g., climate
change, costs of chemical inputs used in agriculture, taxes
linked to disservices, and payments for regulating services.
The data could then be analyzed using the RLQ approach to
determine the sensitivity of the traits-services relationships to
the selection and weighing of the services (our dataset and
RLQ code, made freely available, can allow readers to do so).
(3) These new results should be used to design variety mixtures
according to farmers’ objectives, and these mixtures and the
services they provide should be tested on farm.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13593-023-00924-6.
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