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Arable wildflowers have potential as living mulches for sustainable agriculture
Jennifer K. Rowntree a, Clare Deana, Freddie Morrisona, Rob W. Brookerb and Elizabeth A. C. Pricea

aEcology and Environment Research Centre, Department of Natural Sciences, Manchester Metropolitan University, Manchester, UK; 
bEcological Sciences, James Hutton Institute, Craigiebuckler, Aberdeen, Scotland

ABSTRACT
Background: As agriculture has intensified, many once-common wildflowers have declined in 
arable landscapes, which has widespread implications for associated ecosystem services. The 
incorporation of sustainable practices, for example, growing living mulches (in-field, non-crop 
plant ground cover, maintained during the target crop growing season), can boost arable 
biodiversity, but few wildflower species have been utilised in this context.
Aims: Our aim was to determine the suitability of arable wildflower species, once considered 
weeds, for use as living mulches.
Methods: We first screened a number of arable wildflower species for germination when 
growing with a common cereal, barley (Hordeum vulgare). We then grew two (Centaurea cyanus 
and Scandix pecten-veneris) in pots in a glasshouse with and without barley, and grew barley 
alone to test the impact of the wildflowers on barley growth and biomass.
Results: Neither of the wildflowers significantly negatively impacted barley biomass. Barley 
initially facilitated germination in S. pecten-veneris, but ultimately suppressed the above- 
ground biomass of both wildflowers. However, both wildflower species were able to coexist 
alongside barley.
Conclusions: Our experiment provides evidence that wildflowers that were considered weeds 
in traditional agriculture have the potential to be grown alongside barley and could be 
incorporated as part of a living mulch.
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Introduction

One of the biggest recent international concerns has 
been the dramatic decline in global biodiversity over 
the past century across multiple taxonomic groups 
(RBG Kew 2016; Ceballos et al. 2017; Hallmann 
et al. 2017; Willis 2017). The general consensus is 
that this has been caused by the action of humans, 
and that a major contributing factor is land use 
change (Potts et al. 2010; Willis 2017). Modern 
agricultural practices with a high-input approach 
are often incompatible with conservation, and the 
successful increase of agricultural yields has come at 
a cost to biodiversity (Matson et al. 1997). In parti-
cular, this had led to a major decline in arable wild-
flowers (Wilson and King 2003), with knock-on 
effects on birds (DEFRA 2018) and pollinators 
(Potts et al. 2010).

The removal of potential competitor plant spe-
cies is a key management goal of many agricul-
tural cropping systems to maximise the yield of 
the target species (Brooker et al. 2016). However, 
ecological studies have demonstrated that plants 
do not only compete for resources with each 
other but that they can also facilitate each other’s 

growth and survival, or have no discernible nega-
tive effects whilst co-existing (Brooker et al. 
2008). Academic interest in facilitation (positive, 
non-trophic interactions between physiologically 
independent plants) has increased over the past 
decades and there is good evidence that facilita-
tive interactions are more common than was 
previously thought (Brooker et al. 2008). 
Importantly, recent research has highlighted 
that such beneficial interactions can also be 
found in agricultural systems and could be cen-
tral to the development of sustainable food pro-
duction (Brooker et al. 2015; Vincent et al. 2017; 
Izumi et al. 2018; Yin et al. 2020).

Facilitative and competitive interactions, how-
ever, appear to be a continuum, and the balance of 
interactions within a system can switch depending 
on the influence of the environment (Brooker et al. 
2008) and the traits of the interacting species (Schöb 
et al. 2013). To increase the diversity of plants in 
agricultural settings, we need to develop our under-
standing of when plant–plant interactions are likely 
to be positive or negative for key ecosystem 
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functions (i.e., productivity, pest and disease resis-
tance, soil health), and how non-crop diversity can 
support some of these functions.

One way to increase biodiversity in arable fields, 
whilst also providing potential benefits to crop 
plants, is by the use of living mulches (Hartwig 
and Ammon 2002). Living mulches are single spe-
cies or simple plant communities sown as an under-
storey and maintained as a living ground cover 
during the growing season of the target crop. They 
provide ground cover that prevent soil erosion 
(Hartwig and Ammon 2002), and can also enhance 
the abundance of invertebrate species (i.e., pollina-
tors, predators, parasitoids) beneficial to the crop 
(Rjg et al. 2012; George et al. 2015). The species 
composition of living mulches tends to be domi-
nated by legumes, such as clover (Trifolium spp.) 
(Hiltbrunner et al. 2007; Baresel et al. 2018). 
Incorporating legumes into arable fields can 
improve soil nitrogen and phosphorus status 
through biological nitrogen fixation (BNF) 
(Iannetta et al. 2016) and formation of arbuscular 
mycorrhizal (AMF) relationships (Scheublin et al. 
2004) and can also attract pollinating insects (Sands 
and Rowntree 2016). However, some legume spe-
cies can be highly competitive (Den Hollander et al. 
2007), and competition with crops can lead to 
a reduction in yield (Thorsted et al. 2006), a loss of 
economic benefit to the farmer, and declining 
enthusiasm for sustainable agricultural approaches.

There are, however, opportunities to broaden the 
types of plants used in living mulches and to include 
some rare species in mixtures (Germeier 2000). 
Central to this idea is recent research that has 
shown that the beneficial effects on ecosystem func-
tions resulting from enhanced diversity in species- 
rich plant communities (Cardinale et al. 2012) can 
also be delivered without the inclusion of legumes 

(Schöb et al. 2018). Although historically viewed as 
potential weeds, many arable wildflowers have 
declined over the past century because they are 
poorly adapted to intensive farming and have not 
developed the more aggressive traits of now com-
mon and potentially pernicious arable weeds 
(Wilson and King 2003). This may make it possible 
to reintroduce key components of native farmland 
plant diversity without introducing highly competi-
tive species that depreciate crop yield, and at the 
same time, enhance ecosystem functions to support 
the development of more sustainable farming 
systems.

Here, we used an experimental approach, first to 
screen a number of arable wildflowers for germina-
tion responses when grown with and without 
a common arable crop, barley (Hordeum vulgare L.) 
in a greenhouse. We then selected two species with 
alternate responses (enhanced and supressed germi-
nation with barley) and investigated interactions with 
the crop in a greenhouse until production of seed. 
Our key objectives were (1) to determine whether 
there were negative or positive effects on barley bio-
mass when grown in combination with each arable 
wildflower and (2) to determine whether the arable 
wildflowers would grow alongside the barley and 
might therefore be suitable for inclusion in living 
mulch mixtures and further testing in the field.

Materials and methods

Study species and experimental set-up

Arable plant species were selected from those out-
lined by Byfield and Wilson (2005) and then chosen 
by their availability from UK wildflower seed sup-
pliers. A full species list with supplier information 
can be found in Table 1. Barley (Hordeum vulgare), 
cultivar Odyssey was used for the experiments and 

Table 1. Full list of rare arable species and supplier information used in Experiments 1 and 2.
Species Company Location

Adonis annua L. Emorsgate Seeds King’s Lynn, Norfolk
Agrostemma githago L. Emorsgate Seeds King’s Lynn, Norfolk
Anthemis arvensis L. Chiltern Seeds Preston Crowmarsh Wallingford
Bupleurum rotundifolium L. Emorsgate Seeds King’s Lynn, Norfolk
Centaurea cyanus L. Herbiseed West end, Twyford
Glebionis segetum (L.) Fourr.1 Chiltern Seeds Preston Crowmarsh Wallingford
Galeopsis segetum Neck. Herbiseed West end, Twyford
Iberis amara L. Emorsgate Seeds King’s Lynn, Norfolk
Lithospermum arvense L. Emorsgate Seeds King’s Lynn, Norfolk
Misopates orontium (L.) Raff. Emorsgate Seeds King’s Lynn, Norfolk
Nepeta cataria L. Chiltern Seeds Preston Crowmarsh Wallingford
Papaver argemone L. Herbiseed West end, Twyford
Scandix pecten-veneris L. Herbiseed West end, Twyford
Silene gallica L. Herbiseed West end, Twyford
Silene noctiflora L. Emorsgate Seeds King’s Lynn, Norfolk
Spergula arvensis L. Herbiseed West end, Twyford

1Sold as Chrysanthemum segetum L.
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supplied by Openfield Agriculture (Grantham, UK). 
Two greenhouse experiments were established from 
September 2017 to May 2018 at Manchester 
Metropolitan University in Manchester, England 
(53°28ʹ16.83” N, 2°14ʹ28.09 W).

Experiment 1 – Wildflower species screening

Sixteen rare arable wildflower species (Table 1) were 
sown either in monoculture or alongside barley into 
a sandy clay loam substrate (Boughton Kettering 
loam, Amenity Land Solutions, Telford, UK) in 
individual trays (15 x 21 × 5 cm). Nutrient analysis 
of the soil was not undertaken, but typical values for 
Broughton Kettering loam are 5% total organic 
matter, 4.5 μg g−1 available phosphorus, 135 μg g−1 

available potassium and a pH (1:1 soil:water) of 7.1 
(R.Chinn, Boughton pers. comm.). A barley mono-
culture treatment was also included and there were 
five replicates per species per treatment giving 
a total of 165 replicate trays. Barley and wildflower 
seeds were sown simultaneously, and sowing den-
sity was designed to correspond to typical sowing 
densities used in larger field trials (Brooker et al. 
2018), with arable wildflowers sown at a density of 
nine seeds per tray (corresponding to a field density 
of ca. 300 seed m−2), and barley sown at six seeds per 
tray (ca. 220 seed m−2). An additive approach was 
used for sowing, so that an individual arable wild-
flower + barley replicate contained nine arable plant 
seeds plus six barley seeds, whereas monocultures 
contained either nine wildflower or six barley seeds. 
This approach was taken to best mimic field condi-
tions where living mulches are used. The barley was 
sown at a depth of 3 cm and the arable wildflower 
species were sown, either on or just below the soil 
surface, according to the instructions from the sup-
plier. The seeds were spread evenly across the trays 
and were not sown in any pattern. The replicates 
were placed in a randomised block design and 
grown in a single glasshouse for the duration of 
the experiment. Pots were not re-randomised dur-
ing the experiment. Additional artificial lighting, 
heating and ventilation was utilised to mimic spring 
and early summer conditions. This was provided by 
Osram Plantastar HPS 400 W lamps, hung 140 cm 
above the bench, which had a rated and nominal 
luminous flux value of 54,800 lm. Each tray was 
uniformly drenched with tap water at the point of 
sowing, and subsequently watered to maintain 
moist soil conditions. No fertiliser was added over 
the duration of the experiment.

The trays were monitored daily from the day 
after sowing for 30 days. Each day, the count of 
living, germinated arable wildflower and barley 
seedlings was recorded for each tray. Most ger-
mination occurred within the first 14 days of the 
experiment; however, the trays were monitored 
for a further 16 days by which time germination 
rate had reached a plateau in all treatments.

Experiment 2 – Interactions between selected 
wildflower species and barley

The arable wildflowers Centaurea cyanus and Scandix 
pecten-veneris were selected for further investigation as 
they displayed divergent germination responses to the 
presence of barley in Experiment 1. The same treat-
ments were used as in Experiment 1 (monocultures 
and mixtures of each wildflower species with barley), 
but seeds were sown into deeper pots (15 × 
13 × 12 cm) to facilitate long-term growth of the 
plants. For each treatment, a total of 33 replicates 
were sown, 11 of which were randomly assigned to 
one of three harvests. Seeds were sown into a 1:1 mix 
of sandy clay loam (Boughton Kettering loam, 
Amenity Land Solutions, Telford, UK) and sharp 
sand (Kelkay, Pollington, UK), with the addition of 
sand intended to facilitate extraction of the roots at 
harvest. Barley and wildflower seeds were sown simul-
taneously, as previously, at a density of 300 seed m−2 

(arable wildflowers) and 220 seed m−2 (barley) 
(Brooker et al. 2018), which corresponded to six arable 
wildflower seeds per pot and four barley seeds. Barley 
seeds were sown at a depth of around 3 cm and the 
wildflower seeds on or just below the surface of the 
soil. Seeds were spread evenly across the pots and not 
planted in a particular pattern. The replicates were 
placed in a randomised block design and grown in 
the same glasshouse, under the same regime as for 
Experiment 1 and without the addition of fertiliser. 
Pots were monitored daily for emergence up until the 
first harvest.

The first harvest was conducted at 42 days after 
sowing once all plants that germinated had begun to 
grow, the second at 92 days prior to production of 
any flower or fruiting structures in any of the plant 
species, and the third at 162 days, when flowers and 
fruits had formed in all of the plant species. In 
harvests one and two, both the above-ground and 
below-ground biomass were harvested, shoots and 
roots were separated, and roots washed to remove 
adhering soil. At these harvests, no fruiting struc-
tures had formed on any of the plants. At harvest 
three, only the above-ground biomass was 
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harvested, but shoots were separated from fruiting 
material (comprised of the entire inflorescence). We 
were unable to collect root biomass data with con-
fidence at the final harvest, as the roots had grown 
to fill the experimental pots and separation of spe-
cies was not possible. All harvested biomass was 
oven dried at 70°C for 72 h. Dry material was 
weighed to the nearest 0.01 mg to obtain per repli-
cate biomass for shoots (above-ground; all har-
vests), roots (below-ground; harvests one and two) 
and fruits (flower/seed head; harvest three). The 
shoot:root ratio was calculated for each species at 
harvests one and two.

Statistical analyses

All statistical analyses were conducted in the 
R environment (version 3.6.1) (R Core Team 
2019). Germination data were visually inspected 
and the mean difference in germination success 
of each wildflower species with and without 
barley 30 days after planting was analysed 
using randomisation tests with 5000 resam-
plings. For experiment two, all data except for 
barley fruit biomass were log-transformed prior 
to analyses to improve normality of residuals. 
Barley shoot and root biomass and shoot:root 
ratio data at harvests one and two were ana-
lysed with a two-way fully factorial linear model 
with arable wildflower presence and absence (3 
treatment levels: C. cyanus present, S. pecten- 
veneris present and no wildflowers) and harvest 
included as factors. Where appropriate, post 
hoc one-way ANOVAs were then undertaken 
at each harvest to determine effects of the pre-
sence of the arable plants at the different time 
points. Barley fruit data from harvest three was 
analysed using a one-way linear model where 
arable wildflower presence (3 treatment levels: 
C. cyanus present, S. pecten-veneris present and 
no wildflowers) was the only factor. Arable 
wildflower data were analysed as above, but 
with barley presence or absence (2 treatment 
levels) and harvest (where appropriate) as the 
factors. The per cent mean biomass change 
from control treatments was estimated for all 
fruit data at harvest three and Hedges d effect 
sizes calculated (Rosenberg et al. 2013).

Results

Experiment 1

Of the arable wildflowers tested, no seeds germi-
nated for three species (Bupleurum rotundifolium 
L., Chrysanthemum segetum L., Lithospermum 
arvense L.) and all seeds germinated for one species 
(Silene noctiflora L.) across all treatments. These 
were removed from further analyses. Germination 
rates varied across replicates for all other species. 
Germination for C. cyanus was marginally signifi-
cantly lower in the presence of barley (P = 0.07) and 
occurred at about the same time as the barley. 
Germination for S. pecten-veneris was marginally 
significantly higher in the presence of barley 
(P = 0.06) and occurred after the barley had germi-
nated. These species were chosen for further inves-
tigation in experiment two. There were no 
significant differences for any other species (Figure 
1, see Table 2 for full results).

Experiment 2

Barley
The presence of the two arable wildflowers did not 
significantly reduce final barley shoot or fruit bio-
mass, with the largest effects on barley characteris-
tics resulting from harvest date. For shoot biomass, 
the full model was highly significant, explaining the 
majority of variation in the data (F8,89 = 397.6, 
R2

adj = 0.97, P < 0.0001). There was no significant 
effect of arable wildflower (F2,89 = 1.62, P = 0.20), 
but a significant effect of harvest (F2,89 = 1585.73, 
P < 0.0001) and no interaction between harvest and 
arable wildflower (F4,89 = 1.60, P = 0.18; Figure 2a). 
For root biomass, the full model was highly signifi-
cant, explaining a large proportion of the variation 
in the data (F5,59 = 74.22, R2

adj = 0.85, P < 0.0001). 
There was a marginally significant effect of arable 
wildflower (F2,59 = 1.28, P = 0.09) with a tendency 
for increased root biomass at harvest two when no 
arable wildflowers were present, a significant effect 
of harvest (F1,59 = 361.80, P < 0.0001) and no sig-
nificant interaction between the two (F2,59 = 1.07, 
P = 0.13; Figure 2b). For shoot:root ratio, although 
significant, the model explained much less variation 
in the data (F5,59 = 4.90, R2

adj = 0.23, P < 0.0008). 
For these data there was a significant effect of arable 
wildflower (F2,59 = 5.85, P = 0.005) as well as harvest 
(F1,59 = 9.35, P = 0.003) but no interaction between 
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the two (F2,59 = 1.71, P = 0.19; Figure 2c). The 
wildflower effects were caused by a decreased 
shoot:root ratio at harvest two in the absence of 
arable wildflowers (P = 0.005). For fruit biomass, 
the full model was not significant (F2,30 = 0.37, 
R2

adj = −0.04, P = 0.69), although the presence of 
either wildflower species reduced mean biomass by 
9%, equating to a Hedges d effect size of 0.3 for each 
species (Figure 2d).

Centaurea cyanus

Presence of barley decreased shoot biomass, fruit 
biomass and shoot:root ratio but increased root 
biomass between the first and second harvests. For 
shoot biomass, the full model was highly significant, 

Figure 1. Box and whisker plots of the number of seeds (out of nine) which germinated for 12 arable wildflower species grown in 
the presence or absence of barley (Hordeum vulgare, cultivar Odyssey) in a glasshouse experiment.

Table 2. Significance values comparing germination rates of 
the arable wildflowers grown with and without barley in 
a glasshouse experiment. Values were generated from rando-
misation tests with 5000 re-samplings. NA denotes species 
where either no seeds germinated† or all seeds planted 
germinated‡.

Species Resampling P-value

Adonis annua 0.4436
Agrostemma githago 0.6944
Anthemis arvensis 1.0000
Bupleurum rotundifolium N/A†
Centaurea cyanus 0.0710
Chrysanthemum segetum N/A†
Galeopsis segetum 0.4452
Iberis amara 0.5224
Lithospermum arvense N/A†
Misopates orontium 0.1388
Nepeta cataria 0.8518
Papaver argemone 0.6814
Scandix pecten-veneris 0.0568
Silene gallica 0.5204
Silene noctiflora N/A‡
Spergula arvensis 1.0000
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explaining around 90% of the variation in the data 
(F5,60 = 121.8, R2

adj = 0.90, P < 0.0001). There was 
a highly significant effect of the presence of barley 
(F1,60 = 35.3, p < 0.0001) and harvest (F2,60 = 274.9, 
p < 0.0001) and a significant interaction between the 
two (F2,60 = 12.1, p < 0.0001; Figure 3a). There was 
no effect of barley at harvest one (P = 0.79), but 
a significant effect at harvests two (P = 0.002) and 
three (P < 0.0001). For root biomass, the full model 
was highly significant, explaining around three 
quarters of the variation in the data (F3,40 = 38.8, 
R2

adj = 0.73, P < 0.0001). There was a significant 
effect of the presence of barley (F1,40 = 11.1, 
P = 0.002), a highly significant effect of harvest 
(F1,40 = 101.0, P < 0.0001) and a marginally 

significant interaction between the two (F1,40 = 4.2, 
P = 0.05; Figure 3b). There was no effect of barley at 
harvest one (P = 0.35), but a significant effect at 
harvest two (P = 0.002). For shoot:root ratio, the full 
model was highly significant, explaining over half of 
the variation in the data (F3,40 = 21.13, R2

adj = 0.58, 
P < 0.0001). There was a significant effect of the 
presence of barley (F1,40 = 38.3, P < 0.001), no effect 
of harvest (F1,40 = 0.10, P = 0.75) but a significant 
interaction between the two (F1,40 = 24.9, 
P < 0.0001; Figure 3c). There was no effect of barley 
at harvest one (P = 0.46), but a highly significant 
effect at harvest two (P < 0.0001). For fruit biomass, 
the full model was highly significant, explaining 
over 60% of the variation in the data (F1,20 = 40.0, 

Figure 2. Shoot biomass (a), root biomass (b), shoot:root ratio (c) and fruit (inflorescence) biomass (d) of barley at harvest 1 
(42 days after sowing – square), harvest 2 (92 days after sowing – circle) and harvest 3 (162 days after sowing – triangle) when 
grown in the presence of either Centaurea cyanus or Scandix pecten-veneris or without any other plants in a glasshouse 
experiment. There were no significant negative effects of the arable wildflowers on the barley, but a significant increase in barley 
shoot:root ratio (relative shoot investment) when arable wildflowers were present (P = 0.005) at harvest two. Means of 
untransformed data (n = 11*) are presented and error bars are 95% confidence intervals. *n = 10 for barley grown alone at 
harvest 2.
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R2
adj = 0.65, P < 0.0001; Figure 3d). The presence of 

barley reduced the mean fruit biomass of C. cyanus 
by 81% equating to a Hedges d effect size of 2.8.

Scandix pecten-veneris

Presence of barley decreased shoot biomass and 
fruit biomass but increased root biomass between 
the first and second harvests. For shoot biomass, 
the full model was highly significant, explaining 
over 90% of the variation in the data (F5,60 = 146.6, 
R2

adj = 0.92, P < 0.0001). There was a significant 
effect of the presence of barley (F1,60 = 8.1, 
P = 0.006), a highly significant effect of harvest 
(F2,60 = 347.2, P < 0.0001) and a highly significant 

interaction between the two (F2,60 = 15.1, 
P < 0.0001; Figure 4a). There was a marginally 
significant effect of barley at harvest one 
(P = 0.03), with the presence of barley decreasing 
shoot biomass, and at harvest two (P = 0.03), 
where the barley led to an increase in S. pecten- 
veneris shoot biomass. At harvest three, barley 
presence had a significant negative effect on 
shoot biomass (P = 0.0001). For root biomass, 
the full model was highly significant, explaining 
over 80% of the variation in the data (F3,40 = 80.4, 
R2

adj = 0.85, P < 0.0001). There was a marginally 
significant effect of the presence of barley (F1,40 

= 3.4, P = 0.07), a highly significant effect of 
harvest (F1,40 = 230.6, P < 0.0001) and a significant 

Figure 3. Shoot biomass (a), root biomass (b), shoot:root ratio (c) and fruit (inflorescence) biomass (d) of Centaurea cyanus at 
harvest 1 (42 days after sowing – square), harvest 2 (92 days after sowing – circle) and harvest 3 (162 days after sowing – triangle) 
when grown in the presence or absence of barley (cultivar Odyssey) in a glasshouse experiment. Barley had a significant negative 
effect on shoot biomass, fruit (inflorescence) biomass and shoot:root ratio as the growing season progressed and a significant 
positive effect on root biomass. Means of untransformed data (n = 11) are presented and error bars are 95% confidence intervals.
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interaction between the two (F1,40 = 7.1, P = 0.01; 
Figure 4b). There was no effect of barley at harvest 
one (P = 0.35), but a significant effect at harvest 
two (P = 0.003). For shoot:root ratio, the full 
model was highly significant, but only explained 
around 40% of the variation in the data (F3,40 

= 10.13, R2
adj = 0.39, P < 0.0001). There was no 

significant effect of the presence of barley (F1,40 

= 2.7, P = 0.1), a highly significant effect of harvest 
(F1,40 = 6.9, P < 0.0001) and no significant inter-
action between the two (F1,40 = 0.7, P = 0.42; 
Figure 4c). For fruit biomass, the full model was 
highly significant, explaining around 70% of the 
variation in the data (F1,20 = 49.8, R2

adj = 0.70, 
P < 0.0001; Figure 4d). The presence of barley 

reduced mean fruit biomass of S. pecten-veneris 
by 66%, equating to a Hedges d effect size of 3.0.

Discussion

Germination effects

Of the 16 arable wildflowers screened, three did not 
germinate at all, all seeds germinated for one species 
and the presence of barley only had marginally sig-
nificant effects on the germination of two species. 
These two showed divergent responses with germi-
nation decreasing for C. cyanus and increasing for 
S. pecten-veneris in the presence of barley, which 
could be related to the relative timing of germination 

Figure 4. Shoot biomass (a), root biomass (b), shoot:root ratio (c) and fruit (inflorescence) biomass (d) of Scandix pecten-veneris at 
harvest 1 (42 days after sowing – square), harvest 2 (92 days after sowing – circle) and harvest 3 (162 days after sowing – triangle) 
when grown in the presence or absence of barley (cultivar Odyssey) in a glasshouse experiment. Barley had a significant negative 
effect on shoot biomass and fruit (inflorescence) biomass as the growing season progressed and a significant positive effect on 
root biomass. Means of untransformed data (n = 11) are presented and error bars are 95% confidence intervals.
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of each species. Centaurea cyanus germinated around 
the same time as the barley, while the majority of 
S. pecten-veneris seeds germinated once barley was 
already growing. The positive effects of barley on 
S. pecten-veneris germination could be due to favour-
able changes in microclimate caused by barley 
growth. In a previous study, Brooker et al. (2018) 
have found positive effects of barley on the number of 
seeds germinated for the rare arable plant 
Valerianella rimosa Bastard and that this co- 
occurred with a decrease in soil moisture levels.

Effects of wildflowers on barley

We found no evidence for a facilitative effect of 
either C. cyanus or S. pecten-veneris on barley as 
above-ground biomass and fruit production were 
not enhanced. However, we also did not find evi-
dence that either wildflower species were strong 
competitors, as there was no significant negative 
impact of their presence on barley above-ground 
biomass or fruit production. It is worth noting, 
however, that mean fruit biomass was reduced by 
9% when barley was grown with either wildflower 
species and that variation in the data set was large. 
This level of biomass reduction falls within the 
levels of annual yield fluctuation for barley grown 
in the UK 2016–2020 (DEFRA 2020), but the 
experiment would need repeating under a variety 
of conditions and in the field to confirm the lack of 
significant effect as a universal response. Previous 
field-based experiments have shown C. cyanus to 
have a non-significant impact on spring wheat 
(Triticum aestivum) yield, but a significant negative 
impact on winter wheat yield when grown as 
a companion plant (Germeier 2000). There were 
some subtle, potentially positive effects of the wild-
flowers as barley shoot:root ratio increased at 
the second harvest compared to the first. This 
response suggests the promotion of investment in 
shoot material, and a lack of nutrient limitation at 
this time (Poorter and Nagel 2000), although it 
could also indicate that the barley experienced 
stronger below-ground competition than above- 
ground competition. The effect on shoot:root ratio 
was greatest with S. pecten-veneris.

Effects of barley on wildflowers

The initial positive effects of barley on S. pecten- 
veneris were lost as the plants completed their life-
cycle, and by the end of the experiment the presence 

of barley had significant negative impacts on above- 
ground vegetative and fruiting biomass for both 
wildflower species. This finding is reflected in the 
responses previously documented for V. rimosa, 
where early increases in the abundance of indivi-
duals did not translate to increases in final produc-
tivity (Brooker et al. 2018). It also mirrors responses 
of Sinapis arvensis L. to barley root exudates, which 
although having no effect on germination, did inhi-
bit later plant growth (Baghestani et al. 1999)

For the arable wildflowers, root biomass gener-
ally increased when grown with barley, suggesting 
that these species were experiencing some nutrient 
stress (Poorter and Nagel 2000) and that they were 
not growing under optimal conditions. However, 
both wildflowers we tested did go on to produce 
some seed, and in the context of conserving rare 
arable wildflowers, even if only a few individuals are 
able to produce seed, there is potential for them to 
continue surviving in arable landscapes.

Experimental considerations

We used above- and below-ground biomass and 
biomass of fruiting parts as an indicator of compe-
titive or facilitative interactions between the arable 
wildflowers and barley. There are limitations to the 
usefulness of snapshot biomass measures as a way of 
assessing competition because the dynamics of 
interactions among plants change with time 
(Schofield et al. 2018, 2019). However, we were 
able to obtain some information on the complexity 
of coexistence dynamics by undertaking three har-
vests throughout the growing season. This enabled 
us to see changes in interaction strength and sug-
gested that there may be some interesting temporal 
dynamics in the relationship between barley and 
S. pecten-veneris with the strength and direction of 
interactions changing over time.

We used a single cultivar of barley (Odyssey) 
for this study. As cultivar effects for barley and 
other crop species are well documented 
(Zytynska et al. 2010; Rowntree et al. 2011), 
this does not allow us to generalise our findings 
to barley or other cereal crops more broadly. 
However, Odyssey is a spring malting variety 
that has been widely used throughout the coun-
try, and was a recommended variety for many 
years until 2018. It remains a useful variety in 
pedigree development (AHDB (Agriculture and 
Horticulture Development Board) 2018) making 
it a good general cultivar for this experiment.
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Inclusion of wildflowers in living mulches

This study was conducted a single time and in 
a greenhouse. Both the lack of replication and the 
context on which the experiment was undertaken, 
make it difficult to generalise findings more widely 
and specifically into the field (Limpens et al. 2012). 
Although more studies are needed to verify the 
findings here, the low impact on barley and promo-
tion of investment in barley above-ground biomass 
suggest that both wildflower species tested could 
potentially be used in living mulches with this 
crop. In addition, the greatly reduced fruiting bio-
mass for the wildflowers reduces the likelihood that 
these species will present a future problem as weeds.

Previous work on C. cyanus, provides evidence of 
additional benefits that this species might bring to 
arable fields, as it is attractive to pollinators (parti-
cularly hoverflies) and decomposing fly species (Rjg 
et al. 2012) and has been shown to increase parasit-
ism rates of cabbage moths (Mamestra brassicae) in 
cabbage fields (Géneau et al. 2012; Balmer et al. 
2013). However, in contrast to this study, it has 
also been shown to compete for nutrients and 
reduce crop biomass when planted as a living 
mulch alongside winter wheat crops in small 
field plots (Germeier 2000, 2006) and increase 
the occurrence of Thysanoptera caught in the 
field, many of which are plant pests (Rjg et al. 
2012). Previous work on S. pecten-veneris illus-
trates its potential as a high-value intercrop, as it 
is edible (Psaroudaki et al. 2015) with potential 
health benefits (Sharifi-Rad et al. 2016). Extracts 
of the plant have also been shown to have anti-
microbial properties (Sharifi-Rad et al. 2016; 
Wahab et al. 2018) which, as well as being useful 
in medicinal products, could have beneficial 
effects on the soil, in terms of controlling patho-
genic bacteria, although they might also impact 
the growth of beneficial bacteria.

Conclusions

Interest in living mulches is increasing and although 
some mixtures are commercially available, very few, if 
any, focus on utilising arable wildflowers. There is real 
potential to expand the diversity of species used as 
living mulches and focusing on declining arable wild-
flower species could provide a counterbalance to the 
historical negative impact of many modern agricul-
tural practices on some previously common species 
that have become rare (Byfield and Wilson 2005). 
Previous research has shown that plants can adapt to 

growing in mixtures and that mixtures of species have 
the potential to outperform monocultures (Schöb et al. 
2018). By better understanding species interactions 
among plants and incorporating ecological knowledge 
into agronomy, it may be possible to preserve or boost 
yields, whilst increasing levels of plant diversity in the 
field (Brooker et al. 2015). Increases in plant diversity 
also have the potential to bring increases in the diver-
sity of associated communities (Schuldt et al. 2019). 
With careful management, these wins for biodiversity 
need not necessarily be traded off against yield or grain 
nutrient value (Germeier 2000) and could bring addi-
tional benefits (Brooker 2017). Here we show in 
a greenhouse system that two increasingly rare arable 
wildflower species do not significantly negatively 
impact on barley fruit production and have the poten-
tial for inclusion in living mulch mixtures. We suggest 
that there is scope for a far wider screening of plants 
for use in living mulches and for testing their efficacy 
in large-scale field settings.
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