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petioles during the vegetative stage, followed by ear-
lier stem elongation, higher number of elongating 
stems, higher biomass (also when accounting for ear-
lier stem elongation) and more leaves in the regrowth 
after cutting than PS 3. MS 3 also had better freez-
ing tolerance. PS 5 was similar to MS 3 and different 
from PS 3 in the number of leaves, leaf blade size, 
petiole length and number of elongating stems. These 
results show that breeding and cultivar evaluation, 
which is currently almost exclusively considering 
performance in pure stands, may miss some variation 
which provides persistence of red clover in mixtures 
with grasses.

Keywords  Mixtures · Plant breeding · Selection · 
Species interactions · Survival · Trifolium pratense

Introduction

Legumes (species belonging to the family Fabaceae) 
are indispensable for the transition to an environmen-
tally and economically sustainable agri-food system 
(Rubiales et al. 2021). This is due to their symbiosis 
with nitrogen-fixing bacteria, which strongly reduces 
the need for application of synthetic N fertilizer, and 
thus reduces energy-demanding fertilizer production. 
Although nitrogen losses from legume residues can 
be a problem (Sturite et  al. 2021), losses are gener-
ally lower when legumes rather than synthetic ferti-
lizers are the source of nitrogen in cropping systems 
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(Jensen et al. 2012). The nitrogen fixed by legumes is 
not only utilized by the legumes themselves, but also 
by non-fixing species like grasses and cereals, which 
are either cultivated together with or follow the leg-
ume crop. Moreover, legumes are rich in protein, a 
limited resource in many parts of the world (de Vis-
ser et al. 2014; Gale et al. 2015). Compared to crops 
of the grass family (Poaceae), the efforts to produce 
genetically improved legume varieties through plant 
breeding has been limited so far (Rubiales et  al. 
2021). However, the current focus on sustainable 
agriculture, protein crops and plant-based food has 
stirred an increased interest from both farmers and 
plant breeding companies. At the same time there is 
an increasing awareness of the need to diversify agri-
cultural systems, both in order to utilize resources 
better and in order to improve resilience in the face of 
increasingly variable climatic conditions associated 
with climate change.

Red clover (Trifolium pratense L.) is an impor-
tant grassland forage crop in temperate regions of the 
world, mostly used in rotations with annual crops or 
in regularly re-sown swards, where it provides ben-
efits such as high yields, symbiotic N fixation, good 
soil structure and high-quality animal feed (Frame 
et  al. 1998; Abberton and Marshall 2005; Lüscher 
et al. 2014; Phelan et al. 2015). As a forage crop, red 
clover is mostly cultivated in mixtures with at least 
one grass species. The persistence of red clover is 
often lower than that of its companion species (e.g. 
Ergon et al. 2016; Brophy et al. 2017), and increasing 
persistence is therefore an important breeding goal 
(Abberton and Marshall 2005; Riday 2010; Annic-
chiarico et al. 2015). More persistent red clover would 
increase sustainability (less use of synthetic fertilizer 
and fossil fuel, less nutrient losses during frequent 
ploughing and re-sowing) as well as economic profits 
for the farmer (less operation costs, higher yields and 
better forage quality).

Persistence may be defined purely as survival over 
years, or alternatively, as maintenance of annual yield 
over years. These two measures can be correlated 
(e.g., Herrmann et  al. 2008), but there may also be 
negative associations between harvestable biomass 
produced and survival during a subsequent stressful 
period, such as a winter (discussed further below). 
The limited persistence of red clover can be attrib-
uted to its life strategy as a short-lived perennial with 
no vegetative mode of reproduction, limited winter 

survival ability, susceptibility to fungal root-infecting 
pathogens and nematodes, as well as to competition 
from grasses, which is high in sown swards with 
moderate to high levels of N fertilization (Abberton 
and Marshall 2005; Taylor 2008; Boller et  al. 2010; 
Ӧhberg 2008; Annicchiarico et  al. 2015). In regions 
with cold winters, red clover populations in sown 
swards tend to be reduced over winter a few years 
after sowing, and persistence is therefore strongly 
associated with winter survival. Winter survival 
may either be directly due to mechanisms of toler-
ance to various abiotic and biotic winter stress fac-
tors (e.g. freezing, low-temperature pathogenic fungi, 
ice cover, water-saturated soil, lack of light) or more 
indirectly, to conditions during the growing season, 
late fall or early spring, leading to e.g. insufficient 
cold acclimation, too early de-acclimation, or a gen-
eral weakening of plants due to pathogens, defolia-
tion or competition (Rapacz et  al. 2014). Studies of 
different genetic materials have revealed a trade-off 
between shoot biomass potential and winter survival 
in red clover (Annicchiarico and Pagnotta 2012; 
Loucks et al. 2018; Zanotto et al. 2021). Strong com-
petition for light and corresponding shade avoidance 
responses, as well as shoot regrowth after repeated 
defoliation, involves allocation of resources to the 
aerial parts of the shoot and may exhaust organic 
reserves and reduce the winter survival ability (Vik 
1955; Frankow-Lindberg et  al. 1997; Donaghy and 
Fulkerson 1998; Bélanger et al. 2006). Disease resist-
ance, competitiveness, and the ability to regrow 
and survive after repeated defoliation is likely to be 
related to a range of additional traits, e.g. specific dis-
ease resistance mechanisms (Lager and Gerhardson 
2002), vegetative growth habit (prostrate vs. erect) 
(Ford and Barrett 2011) and other architectural traits 
(Van Minnebruggen et al. 2014). Given this complex 
nature of persistence, expression of genetic variation 
and correlation with other traits is highly dependent 
on the environmental conditions and management 
that the material is exposed to. For instance, when 
grown as single plants, traits related to competitivity 
are not relevant for persistence, while in dense stands 
they are.

Mixtures of forage species tend to outperform pure 
stands of individual species in terms of biomass yield 
(e.g. Kirwan et al. 2007). In spite of this, almost all 
breeding and cultivar evaluation is conducted using 
pure stands (PS). However, genotypes with optimal 
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performance in PS are not necessarily those with the 
best performance in mixed stands (MS), and research-
ers have therefore asked whether selection in MS 
would be better (reviewed by Litrico and Violle 2015; 
Annicchiarico et al. 2019). In sown grassland swards, 
only a fraction of the sown plants survives the first 
years due to competition and stress. For example, in 
pure red clover stands sown at a rate of 18 kg  ha−1, 
40, 27 and 18% of the number of plants expected to 
germinate according to a germination test, had sur-
vived by the end of the first (establishment year), sec-
ond and third growing season, respectively (Marley 
et al. 2003). This “natural selection” is used by breed-
ers aiming for improved persistence, but it can also 
be utilised to identify traits that provide persistence 
under different environmental conditions and man-
agements, e.g. PS and MS. Studies of such survivor 
populations of white clover, poly-crossed separately 
and then compared to the original populations in a 
common environment, have demonstrated that genetic 
shifts occur in presumably adaptive traits after just a 
few years in the field (Collins et al. 2001; Frankow-
Lindberg 2001; Helgadóttir et al. 2001). In a previous 
study at Ås, Norway, we have shown that red clover 
winter survival differed between plots subjected to 
different managements. During the winter after the 
second production year, winter mortality was more 
severe in PS harvested 3 times per year (PS 3) than in 
MS harvested 3 times per year (MS 3) (see Fig. 7 in 
Ergon et al. 2016). Better winter survival in mixtures 
is commonly observed, but it is not known if it is due 
to an effect of plant community composition on win-
ter stress factors or on the winter survival ability of 
red clover. In the field experiment referred to above, 
we also showed (with molecular markers) that already 
prior to this third winter, there were detectable shifts 
in the genetic composition of the subpopulations in 
the plots as compared to the originally sown popu-
lation, and that subpopulations in MS plots differed 
from subpopulations in PS plots, indicating divergent 
selection (Ergon et al. 2019). In the present study we 
characterize this divergent selection in terms of phe-
notypic traits, recorded in offspring of survivor popu-
lations collected from this experiment after the third 
production year (Fig. 1), as well as survivor popula-
tions after the third production year in another experi-
ment at a different location (Stjørdal, Norway). The 
aim was to test if there is differential selection in red 
clover growing in PS vs. MS that can be detected 

phenotypically in the offspring, and to identify traits 
that are favourable for survival in either type of stand. 
We also tested for differential selection in PS 5 vs. PS 
3 (at Ås only). Our hypotheses were as follows:

1.	 Plants with early stem elongation compete better 
for light with grasses (which elongate earlier in 
the season than red clover). MS survivor popula-
tions therefore start stem elongation earlier than 
PS survivor populations.

2.	 Plants with long stems, large shoots and strong 
shade avoidance responses compete well for light 
in stands with a high amount of standing bio-
mass. Survivor populations from PS 3 and MS 3 
therefore develop longer stems, larger shoots and 
respond more to shade than survivor populations 
from PS 5.

3.	 At Ås PS 3 went through a stronger selection 
during the last strong winter than MS 3. This 
resulted in survivor populations with higher 
freezing tolerance in PS 3 than in MS 3.

4.	 Plants with many nodes and branches close to 
the ground and rapid regrowth after cutting tol-
erate frequent cutting and compete well in the 
regrowth. Survivor populations from PS 5 there-
fore have more nodes and branches at the plant 

MS 3 PS 3 PS 5

May
2011

September
2013

Fig. 1   Three of the red clover sub-populations used in the 
study, one year after sowing (top) and one month before col-
lecting survivors. Survivors were crossed within sub-popula-
tion to make a new generation, which was phenotyped under 
controlled conditions. MS 3, mixed stand and 3 cuts per year; 
PS 3, pure stand and 3 cuts per year; PS 5, pure stand and five 
cuts per year. Note that PS 5 was photographed almost a month 
earlier than MS 3 and PS 3 in May 2011
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base and more rapid regrowth than survivor pop-
ulations from PS 3.

Material and methods

Plant material

Red clover (Trifolium pratense L., diploid cv. Lea, 
Graminor, Norway) survivors were collected from 
experimental plots that had been established in 2010 
at two locations: Stjørdal (63°30’N, 10°51’E) and 
Ås (59°40’N, 10°47’E). The plots were either pure 
stands (PS) or mixed stands (MS), sown at a total rate 
of 20 (Ås), 15 (PS at Stjørdal) or 24 (MS at Stjørdal) 
kg ha−1. At Ås the MS plots consisted of perennial 
ryegrass (cv. Fagerlin, Graminor), tall fescue (cv. 
Kora, DLF-Trifolium, Denmark), white clover (cv. 
Milkanova, DLF-Trifolium) and red clover (each spe-
cies constituted 25% of the total seed weight sown). 
At Stjørdal MS plots consisted of timothy (cv. Grind-
stad, Tollef Chr. Grindstad, Norway, 54%), meadow 
fescue (cv. Fure, Graminor, 25%) and red clover 
(21%). The plots were harvested from 2011 to 2013. 
PS and MS plots were harvested 3 times per year at 
both locations (PS 3 and MS 3) and at Ås there was 
an additional treatment with PS plots harvested five 
times per year (PS 5). Three cuts per year is the nor-
mal harvesting frequency of grassland crops for cat-
tle at Ås, while in Stjørdal both two and three cuts 
are common. Annual total yields and red clover yields 
are provided in Online Resource 1. Plots were ferti-
lized with a compound fertilizer at a total rate of 100 
(Ås) and 130 (mixtures, Stjørdal) kg N ha−1  year−1. 
PS at Stjørdal were applied a PK-fertilizer without N. 
In October 2013 sixty survivors were collected from 
each of two replicate plots in Ås while forty survi-
vors were collected from each of three replicate plots 
at Stjørdal. The survivors were planted in large pots 
and kept in a greenhouse at Ås over the winter at a 
cool temperature (minimum 2  °C). Prior to flower-
ing the following year survivors from each plot, con-
sidered a population here, were covered with a large 
net and one bumble bee nest with 50 bees (Polliner-
ing AS, Bryne, Norway) was placed inside each net. 
After maturation seeds were collected from each 
population. Together with two replicate samples of 
seeds from the seed lot originally sown at Ås, this 
resulted in a total of 14 subpopulations belonging to 

six different population types (Stjørdal: PS 3, MS 3, 
Ås: original population, PS 3, MS 3 and PS 5).

Phenotypic characterization

For characterization of growth and development, 
seeds were sown in a peat soil and germinated at 
16  °C and 20  h photoperiod (metal halide lamps, 
approximately 110  µmol  m−2  s−1 photosynthetically 
active radiation (PAR)). After 2  weeks, individual 
young seedlings were transplanted into peat soil in 
10 cm × 10 cm pots, grown under the same conditions 
and watered and fertilized regularly with a fertilizer 
containing 12% N, 4% P, 18% K and micronutrients. 
There were 32 seedlings of each population, organ-
ized into 32 blocks, with one seedling per popula-
tion in each block (but two seedlings of the original 
Ås population). During the first 4 weeks after prick-
ing, pots were placed at a density of approximately 90 
pots per m2 under 240 μmol  m−2  s−1 PAR and a red 
light to far red light ratio (R:FR) of 2.25 (referred to 
as the normal light treatment). Six weeks after sow-
ing, when the first plants showed signs of stem elon-
gation, half of the blocks were moved to a shade treat-
ment with 100 μmol m−2 s−1 PAR and a R:FR of 1.15 
(referred to as the shade treatment), while the rest of 
the plants remained. From then on the pot density 
were approximately 45 pots per m2 in both light treat-
ments. Traits related to growth and development were 
recorded weekly (see Online Resource 2 for details). 
The number of days from sowing until stem elonga-
tion was recorded and plants that did not elongate 
during the experiment were given the maximum 
value + 1 = 76. Twelve weeks after sowing, the plants 
were cut at 5 cm height and the dry weight recorded. 
All plants were then placed in the normal light treat-
ment at a pot density of 90 pots per m2 for regrowth. 
After 9 days, the number of leaves and the number of 
stems with no bud outgrowth were recorded for each 
plant, and after 2 weeks of regrowth the plants were 
again cut at 5 cm height, and the dry weight recorded.

For characterization of susceptibility to freez-
ing, seeds were sown in a peat soil in early Janu-
ary and germinated in a greenhouse (59°40’ N, 
10°47’ E) at 16  °C with natural light supplied 
with additional metal halide lamps (approximately 
110 µmol  m−2  s−1 PAR) to a photoperiod of 12 h. 
After germination, individual young seedlings were 
transplanted into individual pots with peat soil, 
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organized as 96 replicate blocks with one seedling 
per population in each block (but two seedlings of 
the original Ås population), and grown under the 
same conditions. When the plants were 6 weeks old 
they were moved to cold acclimating conditions at 
3–4  °C, 12  h photoperiod and 110  µmol  m−2  s−1 
PAR, for 2  weeks. Thirty-two blocks were placed 
in each of three replicate programmed freezing 
chambers initially set at 2  °C. The temperature 
was first lowered from 2  °C to − 3  °C at 1  °C  h−1 
and kept at this level for 12 h to ensure even freez-
ing, after which the temperature was lowered again 
by 1  °C  h−1. When the temperature reached one 
of the test temperatures, − 7  °C, − 9  °C, − 11  °C 
and − 13 °C, eight blocks were removed from each 
freezing chamber and allowed to thaw at 2  °C. 
After thawing, plants were placed back in the 
greenhouse and kept there for 3 weeks, before sur-
vival of each plant was recorded.

Statistical analyses

Populations from the two field locations were ana-
lysed separately, using data from each individual 
and not population averages. Analysis of variance 
of data from the growth experiment was performed 
using PROC MIXED in SAS Enterprise 7.1 (SAS 
Institute Inc., Cary, NC, USA). Light treatment was 
included as a fixed factor from the time point when 
it was introduced into the experiment and replicate 
block was then nested in light treatment as a ran-
dom effect factor. The number of days to elonga-
tion was also included as a fixed effect co-factor in 
the analyses of traits that were recorded from then 
on, except for leaf traits and number of branches 
from the base. In all analyses, two-way interactions 
among fixed factors where initially included and 
removed in a step-wise manner if not significant 
(P > 0.05). The significance of pairwise differences 
among population types at Ås were tested with a 
Tukey test option in PROC MIXED. Correlations 
among traits were tested using PROC CORR in 
SAS. Binary mortality data from the freezing 
experiment were analysed with logistic regression 
using PROC LOGISTIC in SAS, using freezing 
temperature, replicate freezing chamber and popu-
lation type as factors.

Results

Differences were seen between population types from 
Ås during the first weeks. PS 3 plants were signifi-
cantly smaller with fewer branches and fewer leaves 
with shorter middle leaflets and shorter petioles 
than plants from MS 3 and PS 5 (Table 1a, b, Fig. 2, 
P < 0.05 according to Tukey pairwise comparison 
tests). Plants from the original population were inter-
mediate. The populations from Stjørdal both had large 
plants, and although the differences were similar, the 
distinction between PS 3 and MS 3 plants was less 
clear and significant for length of petiole and middle 
leaflet at some time points only (Table 1a, Fig. 2).

The first signs of stem elongation were seen in 
some individuals around 6  weeks after sowing, but 
population averages for days to elongation ranged 
from 59 to 70 days. MS 3 populations from Stjørdal 
had earlier onset of stem elongation and a higher 
number of elongating stems, internodes per stem and 
branches on elongating stems than PS 3 populations 
(Table 1b, Fig. 3, 4). There was a similar but smaller 
and not significant difference in days to elongation 
and number of elongating stems between PS 3 and 
MS 3 at Ås.

Late stem elongation (high number of days to elon-
gation) was negatively correlated with biomass in 
the normal light treatment at 12 weeks after sowing 
(R =  − 0.68, P < 0.0001 and R =  − 0.59, P < 0.0001, 
in the light and shade treatment, respectively), and 
positively correlated with biomass of the regrowth 
(R = 0.69, P < 0.0001 and R = 0.71, P < 0.0001 in the 
light and shade treatments, respectively). MS 3 popu-
lations had significantly higher biomass above 5  cm 
at 12 weeks than PS 3 populations at both locations 
(Table  1b, Fig.  4, P < 0.05 according to Tukey pair-
wise comparison test for Ås), also when accounting 
for the positive effect of early stem elongation on 
biomass in the statistical model. MS 3 from Stjørdal 
also had a higher number of nodes below 5 cm and 
a larger number of leaves in the regrowth after cut-
ting than the PS 3 populations. There was a similar 
but smaller and not significant difference between PS 
3 and MS 3 in the number of leaves in the regrowth 
at Ås.

Light treatment had a very strong effect on many 
of the traits (Table 1). Plants in the shade treatment 
had longer petioles and internodes, fewer branches 
from the base, fewer elongating branches and 
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Table 1   Results of analysis of variance of data on survivor 
populations originating from pure or mixed stands harvested 3 
times a year (PS 3 and MS 3) at Ås and Stjørdal, as well as 

pure stands harvested 5 times a year (PS 5) and the original 
population sown (Orig) at Ås

There were three replicate populations per population type at Stjørdal and two at Ås. (a) Analysis of data from the growth experiment 
up to week (w) 6, before half of the plants were moved to simulated shading (32 plants per population). Population type was a fixed 
effect factor and replicate block a random effect factor in the model. (b) Analysis of data from the rest of the growth experiment, 
using light treatment as a fixed effect factor in addition to population type, while replicate block was nested in light treatment (16 
plants per population and light treatment). Days to elongation was included as a fixed effect co-factor for biomass at 12w and meas-
urements of regrowth. Replicate block, nested in light treatment, was used as a random effect factor. Two-way interactions involving 
fixed effect factors were initially included and then removed from the model when not significant. Only traits for which there was a 
significant effect of population type are shown. (c) Results from logistic regression of mortality after freezing (8 plants per popula-
tion, temperature and replicate freezing chamber). F-values (a, b) or Wald Chi-square-values (c) are given, with P-values in parenthe-
ses. NM; not measured; NI; not included in the model, NS; not significant at P < 0.05.

Ås Stjørdal

Trait 3w 4w 5w 6w 3w 4w 5w 6w

(a)
Number of leaves 4.7 (0.004) 9.3 (< 0.0001) 7.1 (0.0001) 6.6 (0.0003) NS NS NS NS
Length of middle leaflet 6.3 (0.0004) 11.7 (< 0.0001) NS NM NS NS 4.3 (0.04) NM
Petiole length (longest) 6.1 (0.0005) 11.5 (< 0.0001) 3.7 (0.01) NM NS 4.8 (0.03) 7.1 (0.008) NM
No. of branches from base NM 6.5 (0.0003) 7.9 (< 0.0001) 5.5 (0.001) NM NS NS NS

Ås Stjørdal

Trait, timepoint Days to elongation Light treatment Population type Days to elongation Light treatment Population type

(b)
Petiole length, 7w NI 36.4 (< 0.0001) 2.9 (0.04) NI 54.6 (< 0.0001) NS
Petiole length, 8w NI 130.4 (< 0.0001) 3.7 (0.01) NI 82.1 (< 0.0001) NS
Days to elongation NI NS NS NI NS 7.3 (0.008)
No. of branches 

from base, 8w
NI 72.0 (< 0.0001) 4.0 (0.008) NI 61.7 (< 0.0001) NS

No. of elongating 
stems, 8w

NI NS NS NI NS 6.7 (0.01)

No. of elongating 
stems, 12w

NI 26.8 (< 0.0001) NS NI 23.5 (< 0.0001) 9.9 (0.002)

No. of internodes 
per longest stem, 
12w

NI NS NS NI NS 4.8 (0.03)

No. of branches on 
elongating stems, 
12w

NI 12.4 (< 0.0006) NS NI 7.5 (0.008) 5.7 (0.02)

No. of nodes below 
5 cm, 12w

NI 30.7 (< 0.0001) NS NI 23.2 (< 0.0001) 4.8 (0.03)

Biomass (dry 
weight) above 
5 cm, 12w

134.9 (< 0.0001) 138.1 (< 0.0001) 3.3 (0.02) 117.8 (< 0.0001) 136.9 (< 0.0001) 5.2 (0.02)

No. of leaves in 
regrowth

26.2 (< 0.0001) 114.8 (< 0.0001) NS 43.7 (< 0.0001) 110.5 (< 0.0001) 10.5 (0.002)

Location Freezing temperature Replicate freezing chamber Population type

(c)
Ås 47.6 (< 0.0001) NS NS
Stjørdal 38.5 (< 0.0001) 6.4 (0.04) 6.0 (0.01)
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branches on stems, shorter stems, lower biomass 
above 5  cm height and fewer nodes below 5  cm 
height than plants in the normal light treatment 
(Online Resource 3). After cutting and regrowth 
under normal light conditions, plants from the 
shade treatment had significantly lower biomass, 
fewer leaves and more stems with no bud regrowth. 
The timing of stem elongation was not significantly 
affected by shading, and neither was the number of 
internodes. No significant interaction between light 
treatment and population type on any of the traits 
could be detected.

Almost all plants survived freezing at -7 and -9 °C 
and data from these two temperatures were therefore 
not included in the analysis. Among Stjørdal popula-
tions, PS 3 populations survived freezing better than 
MS 3 populations (Table  1b, Fig.  5). This tendency 
was seen at Ås also.

Discussion

Rapid growth and development appear to be more 
advantageous for long‑term survival in mixtures with 
grasses than in pure stands

Plants of MS 3 survivor populations started stem 
elongation earlier than those of PS 3 survivor popula-
tions. Thus hypothesis 1 was supported. Additionally, 
MS 3 populations had generally faster development 
than PS 3 populations both before and during the 
stem elongation phase, resulting in larger shoot size. 
A similar difference was seen after cutting, with a 
higher number of leaves in the regrowth of MS 3 pop-
ulations than of PS 3 populations. We did not observe 
any significant interaction between population type 
and light treatment on any of the recorded traits, sug-
gesting that the more rapid growth and development 
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Fig. 2   Characteristics of the studied red clover survivor popu-
lations during early growth. Plants were grown under “normal” 
light conditions in controlled conditions, and half the plants 
were transferred to a simulated shade treatment after 6 weeks 
(w). After 6  weeks the averages of the two light treatments 

are shown. Original, the original population sown at Ås; PS 3, 
pure stand harvested 3 times a year; PS 5, pure stand harvested 
5 times a year (Ås only); MS 3, mixed stand harvested 3 times 
a year. See Table 1a and b for statistical analysis
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of MS 3 was largely constitutive, and not depend-
ing on shading by neighbouring plants in order to be 
expressed.

Rapid growth could possibly provide the ability to 
compete for light during establishment and regrowth 
when growing next to grasses. Similarly, genotypes 
with early stem elongation could be expected to com-
pete better with grasses, which enter the stem elon-
gation stage earlier than red clover. Hoekstra et  al. 
(2018), comparing several Swiss Mattenklee and 
Ackerklee cultivars grown in sward plots together 
with perennial ryegrass in the Netherlands, also found 
positive associations between persistence (measured 
both as plant density and as persistence of yield in 
the third production year), stem length and shoot bio-
mass. As the cultivars were not tested in pure stands 
in parallel, it is not known from their results to which 
extent this association is dependent on stand type or 

not. Here we have shown that a more rapid increase 
of shoot size (corrected for earliness of stem elonga-
tion), independently of shading, appears to provide 
a stronger selective advantage and better persistence 
in MS 3 than in PS 3. But – does red clover really 
suffer from competition with grasses? Red clover 
is frequently not inferior to grasses during the first 
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Fig. 3   Characteristics of the studied red clover populations 
during stem elongation in the studied survivor populations. 
Averages across two light treatments are shown. Original, the 
original population sown at Ås; PS 3, pure stand harvested 
3 times a year; PS 5, pure stand harvested 5 times a year 
(Ås only); MS 3, mixed stand harvested 3 times a year. See 
Table 1b for statistical analysis
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tistical analysis
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2 years, particularly if N fertilization is limited. This 
was for example the case in our studied MS 3 stands, 
where the harvested red clover biomass increased by 
35 and 83% from year 1 to year 2 at Ås and Stjørdal, 
respectively, as compared to 4 and 18% increase of 
the total harvested biomass (Online Resource 1, see 
also Ergon et al. (2016)). The increase in red clover 
biomass yield of the PS 3 stands also increased, but 
to a lesser extent (26 and 36% from year 1 to year 2 at 
Ås and Stjørdal, respectively, as compared to 29 and 
51% increase of the total harvested biomass). This 
suggests that red clover was a stronger competitor 
than the companion species during the two first years, 
which could be expected to give shoot size a stronger 
competitive advantage in PS 3 than in MS 3 (accord-
ing to our hypothesis 2). We obtained the opposite 
result when we collected survivors after year 3, thus 
hypothesis 2 was rejected. This may be related to the 
strong selection during the last winter, which is dis-
cussed further in the section below.

High tolerance to freezing appears to be more 
advantageous for long‑term survival in pure stands 
than in mixtures with grasses

PS 3 populations tended to be more freezing toler-
ant (lower mortality) than MS 3 populations at both 
locations. Thus, hypothesis 3 was supported. The 
last winter was strong at both locations, leading to 
a strong decline in red clover proportion in year 3 
(Online Resource 1), particularly at Ås, where a very 

high winter mortality was also documented, particu-
larly in PS 3 (see Introduction and Ergon et al. 2016). 
A much lower mortality in the MS 3 and PS 5 popula-
tions suggests that the high mortality in PS 3 could 
be related to both stand type and harvesting regime. 
As red clover usually produces more biomass in late 
summer than grasses, we can speculate that the higher 
mortality in PS 3 was a result of more allocation of 
resources to the shoot in order to compete in a dense 
red clover stand in late summer (due to shade avoid-
ance responses and/or genotypic selection), leading 
to physiologically weakened plants with insufficient 
organic reserves for winter survival. In a study of 
Nordic gene bank material, rapid petiole growth and 
potential shoot size was associated with lower winter 
survival and lower freezing tolerance (Zanotto et  al. 
2021). Thus, the last winter may have selected indi-
viduals with better freezing tolerance, and indirectly 
also slower growth and smaller shoot size. This illus-
trates that care must be taken in the interpretation of 
the results. A trait that differs between population 
types may do so simply because it is correlated with a 
trait that gives a selective advantage. This may occur 
due to physiological associations, genetic linkage or 
population structure. Moreover, the time point for 
selection of survivors may be crucial for the results; 
sampling of survivors prior the last winter may have 
yielded very different results. Verwimp et al. (2018) 
have earlier shown that the genetic composition of 
perennial ryegrass, another perennial forage species, 
can vary strongly from year to year.

Rapid growth and development appear to be 
advantageous under high defoliation frequency

We could not detect a significantly higher number of 
nodes and branches close to the ground or more rapid 
regrowth in PS 5 than in the other Ås populations. 
Hypotheses 4 was therefore not supported. Like MS 
3, PS 5 had more rapid growth during the first weeks, 
with a higher number of leaves, larger leaves, longer 
petioles and more branches than PS 3. This suggests 
that more rapid growth provides a selective advantage 
in frequently cut plots, however, it may also be an 
indirect effect of lower winter mortality in PS 5 plots 
than in PS 3 plots, combined with a negative asso-
ciation between growth potential and winter survival 
ability as described in the section above.
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Fig. 5   Mortality of the studied red clover survivor populations 
after freezing, expressed as the proportion of tested plants that 
survived. Averages of 2 (Ås) or 3 (Stjørdal) replicate survivor 
populations per population type are shown together with stand-
ard errors. Original, the original population sown at Ås; PS 3, 
pure stand harvested 3 times a year; PS 5, pure stand harvested 
5 times a year (Ås only); MS 3, mixed stand harvested 3 times 
a year. See Table 1c for statistical analysis
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Implications for plant breeding and evaluation of 
candidate cultivars

Although effects of species interactions (facilitation 
and competition) between forage legumes and for-
age grasses are well known, practical breeding and 
cultivar evaluation have paid little attention to genetic 
variation in the ability of species to coexist and yield 
over time without outcompeting each other. Although 
red clover is mostly cultivated in species mixtures, 
almost all breeding and cultivar evaluation is con-
ducted using pure stands. There are good reasons for 
this; performance in mixtures depends not only on 
genetic variation in red clover and effects of environ-
ment and management, but also on variation in the 
other components of the mixture (species, cultivars, 
proportions, and interactions with environment, man-
agement and the red clover component), adding com-
plexity to the breeding process and cultivar evalua-
tion. It is therefore important to quantify the added 
value of evaluating genetic material in species mix-
tures and evaluate if it is large enough to warrant extra 
costs that it will incur. A range of options for incorpo-
rating mixture performance specifically in breeding 
goals are given by Litrico and Violle (2015), Annic-
chiarico et al. (2019) and Sampoux et al. (2020).

An ideotype approach can complement breed-
ing programs by helping to prioritize among traits, 
as well as generate testable hypotheses about how 
changes in one trait could affect the overall perfor-
mance of the plant or crop community (Tork et  al. 
2019). As more information is gained, an ideotype 
model describing the relationship between traits and 
performance in mixtures could be improved. We con-
sider here improved persistence of red clover culti-
vated in mixtures with grasses in regions with long 
winters as a breeding goal. Based on the limited infor-
mation gained in this study, a hypothetical ideotype 
would have rapid growth, early stem elongation and 
large shoot size. First of all, the hypothesis that these 
traits provide better persistence in mixtures relative 
to pure stands would have to be tested for relevant 
breeding material and across relevant environments. 
Persistence is already selected for in most breeding 
programs, but in pure stands, which, as shown here is 
not quite the same as persistence in mixtures. There-
fore, selecting on the basis of persistence in mixtures, 
or alternatively, applying additional selection for 
traits that are particularly important for persistence in 

mixed stands, could possibly help achieving breeding 
goals faster. Early petiole and stem elongation could 
be easily scored in a large number of individuals 
under controlled conditions and selected individuals 
could be used for crossing.

In a recent study of a collection of Nordic red clo-
ver accessions (Zanotto et  al. 2021), petiole length, 
shoot size and late stem elongation under controlled 
conditions were to some extent negatively correlated 
with winter survival and freezing tolerance. Also, 
time to stem elongation under controlled conditions 
(non-vernalized plants, 23 h photoperiod) did not cor-
relate significantly with flowering date in the field, 
suggesting that either there is a genotype x environ-
ment effect due to these different testing environ-
ments, or initiation of stem elongation and initiation 
of flowering are differently regulated. Although we 
used more realistic temperatures and photoperiods in 
the present study, the association between early stem 
elongation and persistence in mixed stands should be 
tested under field conditions. Moreover, the material 
studied by Zanotto et  al. (2021) consisted of mainly 
wild populations and landraces, which may have dif-
ferent association among traits than cultivated mate-
rial. In any case it would be necessary to carefully 
monitor possible trade-off effects of selection of more 
rapid petiole elongation, earlier stem elongation and 
shoot size on winter survival. Grasses produce more 
biomass in early summer while red clover produce 
more later in the season, so another possible trade-
off to consider is a reduced yield in mixtures during 
the first years after sowing due to a reduced temporal 
niche differentiation between red clover and grasses. 
If earlier stem elongation in the red clover component 
leads to less productivity later in the season, it could 
potentially reduce the differentiation in resource utili-
zation that contributes to high yields in mixtures, an 
effect that should be weighed against the advantages 
of better persistence. Earlier stem elongation in red 
clover is, as in grasses, associated with a reduction in 
protein content and digestibility when harvesting time 
is kept constant (e.g. Nadeem et al. 2019), but on the 
other hand, a more synchronized growth and devel-
opment between red clover and grasses would allow 
for better optimization of harvesting time points and 
ensure a more stable species composition throughout 
the growing season and better utilization of the com-
plementarity between red clover and grasses on for-
age quality.
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Conclusion

We have here shown that specific traits providing per-
sistence to red clover depend on both plant commu-
nity composition and cutting frequency. Rapid growth 
and development were associated with persistence 
in mixtures with grasses and in frequently harvested 
pure stands, while high freezing tolerance is associ-
ated with persistence in pure stands harvested less 
frequently. Our results indicate that breeding and cul-
tivar evaluation should pay more attention to perfor-
mance in mixtures with grasses in order to exploit the 
full potential of red clover in sustainable agriculture.
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