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Abstract: Cultivation of forage mixtures offers several advantages over monocultures, but forage
legumes like alfalfa (Medicago sativa L.) are mostly bred in pure stands. Our goal was to assess the
extent of accession-by-cultivation system interaction when alfalfa plants are grown in pure stands or
in an easily adaptable nursery system together with their companion grasses, thereby determining
the system most suitable for selection in mixture. Spaced plants of 50 alfalfa accessions were grown
on bare soil as control treatment (CONV), in a sown sward of short growing lawn cultivars of tall
fescue (Festuca arundinacea Schreb.) and red fescue (F. rubra L.) (LAWN), and in a sown sward of taller
forage cultivars of the same species (FORA). Accession-by-cultivation system interaction variances
were large for growth habit but small for vigor. Phenotypic correlation coefficients (r p ) among
the cultivation systems were high for vigor, whereby LAWN was somewhat more predictive for
FORA (r p, FORA− LAW N = 0.83) than CONV (r p, FORA−CONV = 0.77). Observed accession-by-genotype
interactions can be used pro or contra necessity for selection in mixture. However, the LAWN
cultivation system might be a good compromise for practical breeding, allowing to account for given
competition effects among species and to easily assess traits in the nursery.
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Due to positive interactions among grass and legume species, their cultivation in
mixture offers higher forage yield potential compared to their monocultures [1]. Under
conditions of limited nitrogen (N) availability, as often encountered under conditions of
organic agriculture with no mineral fertilization, transfer of symbiotically fixed N from
legumes to grasses is a key mechanism for this positive interaction [2] and was shown
to contribute substantially to total nitrogen yield in clover-ryegrass mixtures [3]. Other
synergistic effects like niche complementarity for below (e.g., water, nutrients) and above
ground (e.g., light) resources may also play an important role [4]. Furthermore, mixtures
offer higher resilience against unpredictable climatic conditions and weed infestation,
while legumes increase the nutritive value and voluntary intake by animals [5]. Hence,
multispecies sown grasslands play an important role to foster more sustainable production
of forages and are an important tool for organic agriculture.
Forage legume species are typically bred as synthetic cultivars that represent a population of genetically heterogeneous individuals, reproducing by open pollination among
them. During the early breeding process, single spaced plants (at a distance so individual
plants can be distinguished from each other, depending on plant size and breeder’s preference ranging from 30 to 100 cm) are grown in the breeding nursery and are evaluated
for several traits (vigor, disease resistance, quality, etc.). The 5–30 best plants are then
clonally reproduced and allowed to flower in a so-called polycross to allow panmictic
recombination and to produce seed of a new potential cultivar. Since the beginning of
breeding activities for forages, the selection of cultivars for use in grasslands has mostly
focused on increased performance in pure stands [6]. This means that spaced plants grow
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in a nursery without their future companion grasses. Furthermore, potential cultivars are
tested for performance in monoculture to select the best candidates for cultivar registration.
Therefore, it may happen that a cultivar is distributed to farmers in a mixture without ever
having been tested for performance in a mixture before.
The growth of a species or cultivar in pure stand is likely to be different compared to
a multispecies mixture [7], resulting from complex interactions with neighboring plants.
To examine the extent of such possible interaction effects and to test if cultivars selected
for good performance in pure stands also show high performance in mixture, empirical
experiments can be conducted. For example, a number of cultivars or genotypes of species
A can be grown in pure stands and in binary mixtures with different cultivars of species
B (or with several other species B–N). If, for example, focus is on selection of a given
forage legume species, the forage legume cultivars or genotypes have to be tested in binary
mixtures with several different cultivars of a given grass species (or different grass species)
using a factorial design. Thereby, it will be possible to determine the general mixing ability
(GMA), i.e., the average performance of a legume cultivar in mixture over all mixing
partners, and the specific mixing ability (SMA), i.e., the deviation of one specific legumegrass combination from what would be expected from GMA. A cheap and easy way to test
for GMA would be to test legume cultivars in mixture with a broad tester population that
could, for example, consist of several grass species or cultivars sown together [8]. In case of
strong interactions between legumes and grasses, low correlations between performance
in pure stand and in mixture (GMA) would result, demanding a specific selection for
performance in mixtures. When doing specific selection for performance in mixture, a
black-box or a functional approach can be used [9]. The black box approach traditionally
involves testing the target species in mixture to identify candidates with a good GMA. Such
candidates with good GMA would be preferred as they could then be broadly applied to
improve performance of mixtures. However, this approach also assumes that GMA effects
are larger than SMA effects and that improving performance of the target species will also
improve performance of the mixture [9]. The functional approach is based on the concept
of niche/resource complementarity and selection based on traits related to resource use
complementarity, called interaction traits, has been suggested [10]. However, this approach
requires prior knowledge on the relevant traits and their optimal expression level and can
be expected to be less effective if the number of interaction traits is large.
Extensive literature reviews summarizing current theories and experimental data
of selecting forages for mixture have recently been published [9,11,12]. Data assessed in
previous experiments so far has led to different conclusions about the importance of breeding/testing in mixtures. Based on experiences from cultivar testing trials with different
forage crops, Charles and Lehmann [13] conclude that a good cultivar in monoculture will
also show good performance in mixture. In comparison, correlations between pure stands
and mixtures with grasses for white clover (Trifolium repens L.) were found to be low to
moderate [14–16], and some authors [8,14] conclude that direct selection of white clover
in mixture would be more effective than selection in pure stands. For alfalfa, generally
positive, moderate to strong correlations between performance in pure stand and mixture
with grasses were observed in previous studies [17–19]. However, especially when looking
only at the few top performing genotypes (the ones most relevant in a breeding program),
these correlations might be lower and changes in ranking of genotypes can occur [19],
again making direct selection in the mixture promising.
Due to climate change, water limitation of crops during summer drought spells is
predicted to increase in frequency for humid Central European regions like Switzerland [20].
Therefore, the importance of forage mixtures with drought tolerant legume species such as
alfalfa is expected to increase, whereby typical mixing partners would be drought tolerant
grasses like tall fescue (Festuca arundinacea Schreb.), red fescue (F. rubra L.), or orchard grass
(Dactylis glomerata L.) [21]. Adapting alfalfa to the conditions encountered in the mixture
early in the breeding process would be desired and most straightforward. In order to select
the parental plants for good performance in mixture, the corresponding selection pressure
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the LAWN and the FORA treatments. This resulted in a split-plot like design with blocks
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and rows representing two different strata of main-plots. See Figure S1 for a graphical
illustration of the design.
The trial lasted until 2019 and traits were recorded on a single plant basis before each
cut (one cut in autumn 2017, four cuts in 2018, one cut in May 2019). Plant vigor was rated
on a scale from 1 = high to 9 = low and served as a proxy for plant biomass that was not
additionally assessed. Crown and root rot caused by Sclerotinia trifoliorum Erikss. and
downy mildew caused by Peronospora trifoliorum de Bary were rated upon occurrence from
1 = no symptoms to 9 = highly infected. Additional traits assessed visually were growth
habit (1 = erect, 9 = prostrate), stem diameter (1 = thin, 9 = thick), and leaf-to-stem ratio
(1 = high leaf proportion, 9 = low leaf proportion).
Analysis of variance (ANOVA) was computed using mixed models. The following
model was employed:
yijmn = µ + gi + e j + geij + bm + rn + eijmn

(1)

where, yijmn represents the observation for trait y on a single plant basis, µ denotes the
overall mean, gi is the effect of accession i, ej the effect of cultivation system j, geij the
interaction between accession i and cultivation system j, bm the effect of block m, rn the
effect of row n, and εijmn is the residual error. In a first model, effect rn was considered as
random while all other effects were considered as fixed. To estimate respective variance
components, gi and geij were additionally considered as random in a second model. Phenotypic correlations between the CONV and LAWN (r p, CON − LAW N ), the CONV and FORA
(r p, CON − FORA ), as well as the FORA and LAWN (r p, FORA− LAW N ) cultivation systems were
calculated as Pearson’s correlation coefficients based on accession means per cultivation
systems (n = 50). All calculations were performed within the R-environment v. 3.5 [22].
Mixed model analyses were performed using the package lme4 [23].
3. Results
3.1. Variance Explained by Accession, Cultivation System and Their Interaction
Variance components due to accession (σg2 ), accession-by-cultivation system interac2 ), and residual error (σ2 ) strongly depended on the respective traits. For vigor meation (σge
e
sured over three years, σg2 was largest for vigor as assessed in the first year (vigor_2017_1)
with a value of 0.46 relative to error variance (Table 1). For vigor assessed in 2018 and 2019,
estimates of σg2 were all similar, with values relative to error variance ranging from 0.18 to
2 ) was comparably small for
0.3. Accession-by-cultivation system interaction variance (σge
all vigor traits, with values relative to σe2 ranging between 0 and 0.05. This indicates that
accessions grow (or have been rated) similarly among the cultivation systems for plant
vigor.
Among disease traits, the occurrence of sclerotinia crown and root rot (sclerotinia_2018_1a/b,
sclerotinia_2019_1) revealed a low genetic control as indicated by very low σg2 (0.00–0.01
2 (0.02–0.04 relative to σ2 ). In contrast, σ2 was distinctively
relative to σe2 ) and also low σge
e
g
higher for occurrence of downy mildew (peronospora_2018_1), indicating a strong genetic
2 was zero, indicating very low to no interaction of accession with
control. The estimate of σge
cultivation system, i.e., an identical judgment of accessions independent of the cultivation
system (Figure 2).

vigor_2019_1

0.07
(0.03)
2.60
(1.00)
Disease occurrence traits
sclerotinia_2018_1a
0.005
(0.00)
0.089
(0.04)
2.23
(1.00)
sclerotinia_2018_1b
0.018
(0.01)
0.092
(0.03)
2.86
(1.00)
sclerotinia_2019_1
0.000
(0.00)
0.006
(0.02)
0.32
(1.00)
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(0.24)
0.000
(0.00)
2.51
(1.00)
Morphological traits
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2
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(0.00)
1.19
(1.00)
Variance Components
leaf-stem-ratio_2018_2
0.16
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0.11 of the 2018 (0.10)
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σg2 relative to σe2 of 0.42 and 0.31 for the first and second
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among
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cut in 2018, respectively, indicating substantial genetic control. Especially for the first
The patterns observed in the variance components were also reflected in the correlacut of the 2018 season, when forage grasses among the alfalfa plants were growing tall
tions among cultivation systems.
Among the vigor traits that showed rather small2acces2 was
and forming tillers, a large σge
observed for growth habit (0.30 relative to σe ). This
value was highest among all traits assessed and indicates a different rating/growth of
alfalfa plants among cultivation systems. For the other morphological traits, stem-diameter
2 (0.00–0.01
and leaf-stem-ratio, intermediate σg2 (0.10–0.19 relative to σe2 ) and very low σge
2
relative to σe ) were observed.
3.2. Correlations among Cultivation Systems
The patterns observed in the variance components were also reflected in the correlations among cultivation systems. Among the vigor traits that showed rather small
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accession-by-cultivation system interactions, strong correlations were observed, with r p
ranging between 0.71 and 0.90 (Table 2). Averaging r p over all vigor traits, the strongest correlation was observed between the FORA and LAWN cultivation system (r p, FORA− LAW N
= 0.83), but only slightly lower values were observed between the LAWN and CONV
(r p, LAW N −CONV = 0.78) and between FORA and CONV (r p, FORA−CONV = 0.77) cultivation systems. Examining each time point when vigor was assessed separately, weakest
correlations were observed for the first cut of the second year (vigor_2018_1) with r p
ranging between 0.74 and 0.76. During this time, the companion grasses are forming
tillers and (especially forage grasses) are growing strongest. Already in the subsequent
cut (vigor_2018_2), when grasses do not form tillers and do not interfere with growth of
alfalfa plants that much anymore, r p increased to 0.83–0.86, indicating a higher congruency
among cultivation systems. When reducing the phenotypic variation and looking only at
the 15 accessions with the best average performance for vigor, correlation values dropped
substantially to non-significant levels of 0.26 for r p, FORA− LAW N , 0.13 for r p, FORA−CONV ,
and 0.34 for r p, LAW N −CONV , (Table 2 values in brackets, Figure 3).
Table 2. Correlations among the three cultivation systems for different traits assessed on spaced
alfalfa plants. Correlation coefficients are based on accession means per cultivation system (n = 50).
For vigor traits, numbers in brackets give the correlation coefficients based on the 15 accessions that
showed best performance on average over all vigor traits.
rp
Trait

1

1

FORA-LAWN

FORA-CONV

LAWN-CONV

vigor_2017_1
vigor_2018_1
vigor_2018_2
vigor_2018_3
vigor_2018_4
vigor_2019_1
Mean vigor

0.90 ** (0.83 **)
0.76 ** (−0.09)
0.83 ** (0.23)
0.82 ** (0.29)
0.84 ** (0.06)
0.85 ** (0.24)
0.83 ** (0.26)

sclerotinia_2018_1a
sclerotinia_2018_1b
sclerotinia_2019_1a
peronospora_2018_1

0.16
0.30 *
−0.02
0.86 **

habit_2018_1
habit_2018_2
stemdiameter_2018_1
leaf-stemratio_2018_1
leaf-stemratio_2018_2

0.73 **
0.77 **

Vigor traits
0.73 ** (0.44)
0.74 ** (0.01)
0.85 ** (0.52*)
0.78 ** (0.06)
0.79 ** (−0.33)
0.74 ** (0.05)
0.77 ** (0.13)
Disease occurrence traits
−0.05
−0.02
−0.07
0.82 **
Morphological traits
0.57 **
0.79 **

0.77 **

0.72 **

0.78 **

0.53 **

0.80 **

0.49 **

0.71 **

0.62 **

0.44 **

0.74 ** (0.47)
0.75 ** (0.55 *)
0.86 ** (0.56 *)
0.80 ** (0.74 **)
0.79 ** (−0.05)
0.71 ** (−0.23)
0.78 ** (0.34)
0.06
0.17
−0.20
0.86 **
0.86 **
0.78 **

See Table 1 for nomenclature of traits; * and ** correlation significant at an α = 0.05 and
0.01 level, respectively.
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4.1. Will Different Cultivation Systems Lead to Different Selection Decisions?
From CONV to LAWN to FORA cultivation systems, an increasing competition by
the grass partner could be simulated. This increasing competition was supported by
measurements of height of companion grasses after heading, which averaged 85 cm for the
LAWN and 133 cm for the FORA cultivation systems (data not shown). Thereby, it was
possible to evaluate if selection decisions, on the level of accessions, would be different or
not. When looking at plant vigor, we observed generally strong correlations among the
cultivation systems indicating that selection decisions would not largely differ. Because the
situation faced by the alfalfa plants are most divergent between the CONV and the FORA
cultivation systems (no competition vs. strong competition by vigorously growing forage
grasses, respectively), the correlation for vigor was somewhat weaker between the FORA
and CONV (r p = 0.77) compared to the more similar FORA and LAWN cultivation systems
(r p = 0.83). Observed correlations are in agreement with results of a recent study [19], where
authors reported a correlation coefficient of 0.84 between biomass of alfalfa genotypes
grown in densely planted (7 cm spacing among plants) mini-plots in pure stand and in
mixture with grasses. For plant vigor, correlation between monoculture (CONV) and
mixture (FORA) of the extent as observed in our study could be used to argue pro and
contra necessity to select in mixture. If the same selection intensities and heritabilities
under FORA and CONV conditions are assumed, the relative efficiency (RE) of indirect
selection in CONV to improve performance under FORA will be equal to the genetic
correlation coefficient (r g ) between the two systems [24]. With r p, FORA−CONV of 0.77 being
a lower boundary of r g, FORA−CONV , a minimum RE of 0.77 for indirect selection in CONV
to improve performance under FORA can be expected, which is quite substantial. However,
a r p, FORA−CONV of 0.77 also allows for certain changes in genotype ranking, which would
be an argument pro selection in mixture.
From previous studies that examined the performance of alfalfa in pure stand and in
mixture, some came to the conclusion that selecting alfalfa in mixture would be superior
over selection in monoculture [19,25,26], whereas others concluded that evaluation in
monoculture would be sufficient due to similar ranking of genotypes [18,27]. In their
study, Maamouri et al. [19] pointed out that despite general positive correlations, rank
changes occurred for the top performing genotypes between pure and mixed stands,
highlighting the need for direct selection in mixture. In our study, not only current elite
germplasm (accession number 26–50), but also landraces and ecotypes from genebanks
(accession number 1–25) were evaluated, thereby broadening the spectrum of phenotypic
performance. In accordance to a previous study [19], the correlation values for vigor
dropped down if only the top performing accessions are looked at (Table 2, Figure 3). Only
looking at the 15 accessions with best average vigor, correlation coefficients dropped to
non-significant levels. This might be partly related to the reduced statistical power due to
the lower number of accessions (15 instead of 50). However, it also demonstrates that when
working within a set of elite germplasm with reduced variation, genotype-by-cultivation
system interactions might play a more important role and selection decisions, therefore,
will be different among cultivation systems.
The two disease resistance traits assessed in our study, for which we relied on natural
occurring infections, showed quite an opposite behavior. On one side, the occurrence
of sclerotinia crown and root rot caused by S. trifoliorum was almost random, barely
showing any accession or accession-by-cultivation system interaction variance. The very
high residual variance in this data can be explained by the nature of infection of the
pathogen. Primary infections of plants occur in autumn via ascospores, being produced
from apothecia that grow out of sclerotia resting bodies in the soil [28]. In spring, when
disease symptoms occur, the fungus has only limited ability to further disperse via growing
mycelium. Uneven distribution of sclerotia in the field are probably the main drivers of
an inhomogeneous disease pressure and missing genetic effect. On the other side, the
large accession variance for occurrence of downy mildew caused by P. trifoliorum can be
explained by a homogenous disease pressure, that also results from a fast reproduction
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cycle and secondary infections via sporangia in spring [28]. The inexistent accession-bycultivation system variance (Table 1) and strong correlations among cultivation systems
(Table 2) highlight that the disease occurrence can be well assessed in all three different
cultivation systems, that there is apparently no interaction with the companion grasses,
and that selection can be performed in either one of the cultivation systems.
Among the morphological traits, growth habit at the first growth (habit_2018_1)
showed the largest relative accession and at the same time accession-by-cultivation system
variance. The latter can be mainly explained by a large interaction of alfalfa plants with
the tall growing forage grasses of the FORA treatment, forcing prostrate growing alfalfa
plants to a more erect growth. This has to be kept in mind when thinking of the DUS
(distinctness, uniformity, stability) criteria for cultivar registration: growing plants in pure
stands would be necessary to determine their true growth habit and to combine genotypes
into a cultivar that meets the uniformity criteria. For the other morphological traits, i.e.,
stem diameter and leaf-stem-ratio, no clear statement can be given with regard to the rather
small genotypic variance observed.
4.2. What Plants to Select in What System for More Resilient Organic Systems?
In our study with the CONV, LAWN, and FORA cultivation systems, where a sward
of grasses has been sown among the spaced alfalfa plants, the focus of selection is only
on alfalfa. According to the theory of the black-box approach, a basic assumption is that
improving performance of the target species, i.e., alfalfa, will also improve performance of
the mixture [9]. If this assumption is not fulfilled, selection of vigorous alfalfa plants in the
mixture might potentially lead to overly dominant alfalfa, suppressing the grass species.
A multispecies sward corresponds to the situation of a competition environment where
both, yielding and competitive ability of each genotype, play a role: In the case where
plants selected for high vigor in the mixture are only undercompensating the yield lost
by other (grass) plants, yield of the sward might get reduced [29]. In addition, farmers
are not only interested in the total yield of a mixture, but also in a balanced legume to
grass ratio. If environmental conditions are in favor of alfalfa (e.g., no N fertilization,
dry conditions), mixtures can be dominated by alfalfa and persistency of the grasses
might be reduced [30,31]. Maamouri et al. [19], for example, hypothesize that selection of
alfalfa genotypes exerting lower competition on grasses (e.g., via smaller leaves or more
prostrate growth) might be more suitable for mixtures in order to keep a balance between
alfalfa and legume proportions in the mixture. However, their study was conducted at
a site (Lusignan, France) that exhibits a drier climate with less rainfall during summer
compared to our study site that represents typical temperate Swiss conditions. It can be
expected that the competitive ability of alfalfa against grasses is highly dependent on
the climate and it remains to be determined whether the ideotype of alfalfa for mixtures
would need to be different, e.g., more competitive, to obtain balanced mixtures over
time. In order to answer this question in the future, we have made selections in the three
different cultivation systems, combining genotypes of contrasting competitive ability into
experimental populations. These will be tested in Switzerland (reference humid climate)
and Romania (anticipated drier climate) in sown swards with their companion grasses to
test if genotypes selected for a high or intermediate competitive ability will lead to high
yielding and balanced mixtures.
In our study, the LAWN cultivation systems were mostly between the two other
systems. Compared to CONV, the LAWN cultivation system was more predictive for the
FORA cultivation system, and competitive situation for alfalfa plants in the FORA and
LAWN cultivation system can be expected to be similar. This is in agreement with an
earlier study that found no interaction between multiple alfalfa and two tall fescue (lawn
type vs. forage type) genotypes in an experiment with densely planted microplots [31].
However, LAWN also showed good congruence with the CONV system, especially for
morphological traits like growth habit. The LAWN cultivation system might, therefore, be a
good compromise, being especially suitable for organically managed nurseries. Compared
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to CONV, LAWN allows to better account for competition effects (especially below ground,
but also partly above ground), as indicated by higher correlations with FORA. Additionally,
it offers an easier trial handling because only reduced weed control, either by spraying
(conventionally managed) or hoeing (organically managed), is necessary after the grass
sward is established. In this study, less time had to be spent for weed control in LAWN
compared to CONV. Compared to FORA, data assessment is easier in LAWN due to better
visibility of plants, especially during the first growth of the season, allowing for better
assessment of morphological traits.
5. Conclusions
Thanks to their manifold advantages, multispecies legume-grass mixtures are an
important tool to foster more resilient organic forage production systems and their importance will grow at a European level. With the increasing impact of climate change, the
demand for drought tolerant mixtures is and will be increasing. Thereby, alfalfa is one of
the predestinated species to close the gap of drought tolerant forage legumes also in regions
where it was not that widely used so far. For organic production systems in these regions to
profit the most in terms of resilience and productivity, a targeted development of cultivars
adapted to the regional climate, mixed cropping, and organic cultivation is needed. Our
results indicate that direct selection in mixture might be superior over selection in pure
stands, whereby differential selections performed in the three cultivation systems can be
used over the coming years to experimentally validate the potential selection gain.
The LAWN cultivation system seems to be a suitable option, as it allows a good
assessment of genotypes’ performances in mixture and demands only low weed control
actions, making it easy for breeders to switch to organic nurseries. Additionally, the broad
genetic diversity assessed in this study showed that the used accessions show potential as
starting points for targeted breeding for mixtures.
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