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Abstract Red clover (Trifolium pratense L.) is an

important forage legume grown in many of the

temperate regions around the world. In order to

evaluate possible causes for the low seed yield in

particular in tetraploid red clover, we surveyed 71

studies of red clover seed production published from

1948 to 2019, reviewing seed yield components,

pollination and reproductive traits. Seed yield com-

ponents are recorded to contribute to and improve our

understanding of the complex processes leading to the

red clover seed yield. However, the measurement

approaches varied largely among the studies, depend-

ing on whether the seed yield components are directly

measured or calculated. Red clover seed production is

dependent on insect pollen transfer. However, much

uncertainty of pollination and reproductive success

remains. Pollination conditions were often neglected:

one third of the papers did not mention pollination

conditions. The information that connects pollination

and seed set are lacking, very few studies measured

traits in floral morphology, ovule fertilisation and seed

maturation. We suggest that consistent and compre-

hensive evaluation of pollination and reproductive

success are required to improve our understanding of

reasons for the low seed yield in red clover and hence

the possibilities for future improvement.

Keywords Red clover � Seed production � Seed yield
components � Plant reproduction � Pollination �
Pollinator

Introduction

Red clover (Trifolium pratense L.) is an important

forage legume with a long cultivation history, being

grown in many temperate regions of the world (Taylor

and Quesenberry 1996; Boller et al. 2010). High

forage yield and persistence have been the main

breeding goals (Boller et al. 2010; Boelt et al. 2015).

However, intensive selections make it a challenge to

combine high vegetative qualities and high,

stable seed yield in one cultivar; thus seed growers’

acceptance of red clover is limited in spite of the high

forage yield (Hides and Desroches 1990; Taylor and

Quesenberry 1996; Elgersma and Van Wijk 1998;

Boller et al. 2010).

Both the seed yield and the seed production area of

red clover have been declining during the last decades.

Bommarco et al. (2012) reported a declining seed

yield with a doubled variation in seed yield in Sweden

and suggested that the reasons might be the lack of
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pollination and the introduction of tetraploid red

clover. The natural ploidy level of red clover is diploid

(2n = 2x = 14), while tetraploids (2n = 4x = 28) can

be bred by doubling the chromosomes sets, using both

asexual (e.g., colchicine) or sexual (2n gametes)

methods (Annicchiarico et al. 2015). Usually a seed

yield of 400 to 600 kg ha-1 can be expected with the

seeding rate of 10 kg ha-1 (Boller et al. 2010).

However, seed yield of tetraploids is 20–50% lower

than diploids in spite of a higher forage yield (Boller

et al. 2010). Another reason for the decreasing red

clover seed production might be the increased use of

white clover (Trifolium repens L.) as a forage crop

(Taylor and Quesenberry 1996; Boller et al. 2010). In

Denmark, the seed production area was around 500 ha

for red clover and 2500 ha for white clover in 1997

(Burgon et al. 1997). In 2019, the 10-year average was

292 ha for red clover and 3520 ha for white clover

seed production (The Danish Seed Council 2020).

Red clover is more drought tolerant than white

clover. Red clover develops a strong taproot from the

primary seedling root, whereas the taproot of white

clover is replaced by shallow roots during the first

production year (Annicchiarico et al. 2015). Future

climatic conditions with increased drought-stress is

expected to increase the interest in using deep-rooting

legume species such as red clover in grassland

mixtures (Lüscher et al. 2014). Red clover seed yield

is of importance for its market success, but the actual

seed yield often represents a mere fraction of the

theoretical seed yield, indicating an underused

exploitation potential (Dennis and Haas 1967; Boller

et al. 2010).

Seed yield is a complex trait. Analysing seed yield

components contributes to the understanding of the

processes influencing the seed yield. Also, seed yield

components reflect the differences between the poten-

tial and the realized seed yield (Boelt and Studer

2010). Potential seed yield can be calculated before

harvest to examine the influencing factors for the seed

loss, such as inadequate pollination, reduced floral

fertility, irregularities in seed development, and seed

loss during harvest management (Forster and Hadfield

1958; Hampton 1990; Oliva et al. 1994; Taylor and

Quesenberry 1996). The calculation of potential seed

yield requires the information of different seed yield

components such as seed weight, seed number per

floret, floret number per flower head, and flower head

number per unit area (Oliva et al. 1994). For seed

growers and large-scale field production, seed yield is

usually expressed in seed weight per unit area, e.g.

kilogram per hectare (kg ha-1) (Taylor and Quesen-

berry 1996; Amdahl et al. 2016). In plant breeding

research, seed yield is often expressed as seed yield

(g) per flower head (e.g., Herrmann et al. 2006;

Amdahl et al. 2017), seed yield (g) per plant (e.g.,

Herrmann et al. 2006; Vleugels et al. 2016, 2019b;

Amdahl et al. 2017) and seed number per plant (e.g.,

Vleugels et al. 2015), depending if the study objects

were single plants or large-scale field trials. Recent

studies have sought to determine the most important

seed yield components to characterize red clover seed

yield and they suggested that seed number per flower

head and flower head number per plant are the most

important seed yield components for seed yield per

plant (Herrmann et al. 2006; Vleugels et al.

2015, 2016, 2019a; Amdahl et al. 2017). However,

these studies differed in methods estimating seed yield

based on measured or calculated seed yield compo-

nents. While two of these studies directly measured

seed number per flower head, flower head number per

plant and seed yield per plant (i.e., Herrmann et al.

2006; Amdahl et al. 2017), other papers used calcu-

lated or partly calculated seed yield components.

Currently, there is a lack of uniformity in measuring

seed yield components and for some seed yield

components original data are scarce. Inconsistency

in the recording of seed yield components and the lack

of original data for some components limit the

possibilities to untangle reasons for the low red clover

seed yield – whether during breeding of new cultivars

or seed production management.

Diploid red clover is allogamous with a strong self-

incompatibility system determined by a single S-lo-

cus: it requires cross-pollination to produce seed

(Taylor and Quesenberry 1996; Urda and Savatti

2008). Nevertheless, high self-pollination rate was

found in some tetraploid genotypes, probably due to

the intensive selection for high seed-yielding tetra-

ploids (Vleugels et al. 2019c). Large-scale red clover

seed production relies on insect pollinators, in partic-

ular bumble bees (Bombus spp.) and honey bees (Apis

mellifera L.) (Free 1993). As a reward for the

pollination service, bees gather nectar and pollen from

red clover as carbohydrate and protein sources (Free

1993). Pollination success is often directly measured

as stigmatic pollen deposition and indirectly by

pollinator abundance, visit frequency and duration of
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the visit (Ne’eman et al. 2010). Previous studies

proposed that bumble bees are more efficient pollina-

tors compared to honey bees due to their higher visit

frequency, longer working hours and higher tolerance

to the adverse weather conditions (Westgate and Coe

1915; Starling et al. 1950; Peterson et al. 1960). The

shortened corolla tube length of red clover florets was

regarded as a floral trait to improve pollinator

attractiveness because some honey bee subspecies

are not able to reach the base of corolla tubes to access

the nectar (Dennis and Holm 1977). A recent study

reviewed the corolla hypothesis and suggested that,

while it may be valid in some specific cases, the

corolla hypothesis should not be generalised, due to

the large variation in pollinator species and subspecies

in different regions (Vleugels et al. 2019a). In general,

the attractiveness of forage legumes for pollinators

and the floret fertility seems to be overlooked in

breeding programs (Boelt et al. 2015).

Honey bees can be supplementary or alternative

pollination approach for red clover seed production.

Placing five colonies of honey bees per hectare was

recommended (Rincker and Rampton 1985; Taylor

and Quesenberry 1996; Brødsgaard and Hansen 2002;

Rao and Stephen 2009). However, general recom-

mendations may not accurately apply to the pollina-

tion requirement for different seed production fields

(Garibaldi et al. 2020). The extent to which insect-

pollinated crops depends on honey bees is difficult to

estimate, since for certain crops the areas grown,

exceed what can be covered by honey bees alone

(Breeze et al. 2011). Wermuth and Dupont (2010)

detected no influence of added honey bee hives did to

the red clover seed yield under field conditions in

Denmark, whereas Walstrom (1958) found that red

clover seed yield decreased when the distance to the

honey bee colonies increased above 122 m.Moreover,

the use of honey bee hives are limited due to bee

diseases, the colony collapse disorder and high renting

costs (Rao and Stephen 2009, 2010). Therefore,

monitoring pollination conditions in seed production

fields is important for improving crop pollination

management. Also, the information of pollination

conditions is critical for linking seed growers and

beekeepers, because both red and white clover are

commonly visited crops for beekeepers in Europe

(Breeze et al. 2019), as their flowers are favoured by

honey bees (Baude et al. 2016).

In addition to pollination success, the reproduction

of an angiosperm plant is influenced by the stages of

flower determination, ovary development before flow-

ering and seed development and maturation after

pollination (Lloyd 1980). The flower determination

stage can be investigated by measuring floret numbers

and flower head numbers.

The objective of the current study is to review the

red clover seed production studies published during

the last decades by investigating (1) to what extent

seed yield components were described and analysed;

(2) to what extent the information on pollination and

reproductive success was provided.

Methods

We first sought the topic (i.e., title, abstract, author

keywords, and Keywords Plus) inWeb of Science. 753

studies were presented by using ‘red clover* seed’ in

June, 2019. An extra search was conducted in March,

2020, by using ‘trifolium pratense* seed’, with 501

studies presented.We examined the titles and abstracts

and selected the studies that had the aim of improving

red clover seed yield. Reviews and research studies

that had the aim of improving vegetative qualities and

seed qualities were excluded. Studies that were

without available online sources or not written in

English were also excluded. During the time of writing

(March, 2020), 67 studies published from 1948 to

2019 were identified that met the criteria. During the

revising (February, 2021), we manually included

additional four studies. In total 71 studies published

from 1948 to 2019 were included in this review

(Appendix A). We examined each study by extracting

information of the individual seed yield component

(Table 1). We only included directly registered/

measured seed yield components and excluded calcu-

lated seed yield components. We defined classification

levels of pollination condition (Table 2). Additionally,

we examined the number of papers reporting ovule

fertilization, seed maturation and seed germination.
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Results and discussion

Seed yield components

The number of surveyed papers that reported individ-

ual seed yield components at different study levels

(i.e., seed, floret, flower head, plant, and unit area) are

shown in Fig. 1.More than half of the surveyed studies

(38 papers) reported the seed yield per unit area. There

were fewer papers that reported the seed yield at the

plant level (15 papers) or flower head level (10

papers). Compared with measuring seed yield com-

ponents at dense canopy level, it is more practical and

less laborious to measure the seed yield components at

single plant level (Amdahl et al. 2017). The informa-

tion of seed yield components is important in plant

breeding programmes to evaluate and understand the

seed yield differences among different red clover

populations (Amdahl et al. 2017), and suggest factors

for improvement. Our review illustrates that there are

different approaches to estimate the final seed yield

using the information of individual seed yield com-

ponents at different study levels (Fig. 1). Among the

different approaches, we found that the simplest way

to calculate the seed yield per unit area is by

multiplying flower head number per unit area and

seed yield per flower head (Fig. 1). These two seed

yield components, were previously suggested as the

two most important seed yield components in deter-

mining seed yield per unit area (Oliva et al. 1994;

Steiner et al. 1997; Amdahl et al. 2016; Vleugels et al.

2019a). However, seed yield per flower head is the

product of seed weight, the number of florets per

flower head and the number of seeds per floret, where

the latter is a reflection of the pollination and the

reproductive success. Seed yield is measured at

Table 1 Description of the individual registered seed yield components (Photos: C.H. Knudsen & S. Jing)

Seed yield component Study level Description

Seed weight Single seed weight

Hundred seed weight

Thousand seed weight

Seed number per floret Counted seed number per floret

Seed number per flower head Counted seed number per flower head

Seed yield per flower head Harvested seed weight (g) per flower head

Floret number per flower head Counted floret number per flower head

Seed number per plant Counted seed number per plant

Seed yield per plant Harvested seed weight (g) per plant

Flower head number per plant Counted flower head number per plant

Seed yield per unit area Harvested seed weight (kg)

Flower head number per unit area Counted flower head number per unit area

Plant number per unit area Counted plant number per unit area

123

69 Page 4 of 12 Euphytica (2021) 217:69



harvest with the purpose of illustrating how seed yield

components influence the final seed yield (Hampton

and Fairey 1997). For instance, the loss of flower

heads over the season and the loss of seeds during the

harvest process will result in a reduced final seed yield,

compared to the potential seed yield (Oliva et al.

1994). Therefore, it is relevant to know how and when

each individual seed yield component was measured,

in order to minimize the discrepancy between studies.

We will focus the following discussions on flower

head numbers and seed yield per flower head and their

correlated seed yield components.

Flower head numbers can be measured at different

times and at the level of per-shoot, per-plant, or per-

unit area (Hampton and Fairey 1997). More than a

third (26 papers) of the surveyed papers reported

Table 2 Classification of the information level of pollination condition, pollination success and floral trait

Classification type Information level Description

Pollination

condition

No mention Pollination condition not mentioned

Little mention Pollinators mentioned without specifying species or only in the discussion part

Quantifying honey bee hives Number of honey bee hives quantified

Quantifying bumble bee

species

Number of bumble bee species quantified

Hand pollination Studies conducted using hand pollination approach

Pollination success Stigmatic pollen deposition Number of pollen grains deposited on the stigma quantified

Visit frequency Number of florets visited per unit time (e.g., per minute) quantified

Abundance Number of individuals per unit area for each pollinator species quantified

Floral trait Corolla tube length Corolla tube length measured

Corolla tube diameter Corolla tube diameter measured

Nectar volume Measured directly from the red clover plants or indirectly from the honey bee

hives

Sugar concentration Measured from the red clover plants

Pollen quantity Measured directly from red clover plants or indirectly from the honey bee

hives

Pollen quality Pollen quality related to conspecificity, viability, and compatibility measured

Fig. 1 Seed yield components in 71 surveyed papers and the

number of papers (in parentheses) that registered/measured the

individual seed yield component. *Seed yield components with

different colours of frame indicate different study levels (e.g.,

‘Floret number’ with the red frame means floret number per

flower head). Arrows indicate different approaches to estimating

seed yield components
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flower head numbers, of which 11 papers reported

flower head number per plant and 18 papers reported

flower head number per unit area (three papers

reported both). We also attempted to investigate the

time the flower head number were counted in the

surveyed papers. Among the 25 papers that investi-

gated the flower head number, 14 papers measured this

trait at the time of peak flowering while 14 papers

measured at the time of harvest. Six papers measured

the flower head number both at the time of peak

flowering and at the time of harvest. It may be assumed

that measuring flower head numbers at seed harvest

time can better predict the final seed yield. Contrast-

ingly, Steiner et al. (1995) found that flower head

numbers of red clover at the harvest time were poorly

correlated with the final seed yield and argued that the

contribution of flower head numbers required knowl-

edge of both adequate time and soil moisture for the

seed maturation. For example, red clover flower head

numbers were affected by water stress, but seed

number per floret was found the most influential seed

yield component that affected the seed yield (Oliva

et al. 1994). Management practices of irrigation, the

use of plant growth regulator such as daminozide

(Alar-85) and trinexapac-ethyl, and forage removal

may improve the number of flower heads, and the

depending factors/limitations have been well dis-

cussed in the previous studies (Puri and Laidlaw

1983; Christie and Choo 1990; Oliva et al. 1994;

Steiner et al. 1995; Taylor and Quesenberry 1996;

Anderson et al. 2016).

Seed yield per flower head can be measured directly

(10 papers) or can be calculated through seed number

per flower head (24 papers) and seed weight (27

papers) as shown in Fig. 1. Seed number per flower

head has been used for a long time as an indicator to

determine whether the red clover crop is worth saving

for seeds, and the number of 25 seeds per flower head

was suggested as a standard (Richmond 1932; Taylor

and Quesenberry 1996). Nevertheless, there is a lack

of information on whether this standard should be

updated with the development of current red clover

cultivation and seed production practices. Thousand

seed weight is a traditional way to express seed weight

due to its relative constancy, and light and small seeds

may be eliminated during the cleaning process

(Hampton and Hebblethwaite 1983; Hampton and

Fairey 1997). In the current study, 38% of the

investigated papers reported seed weight, within

which half measured thousand seed weight.

Both floret number per flower head and seed

number per floret contribute to the seed number per

flower head (Fig. 1). Theoretically, each red clover

floret has the potential to produce two seeds because it

contains one ovary with two ovules, but usually florets

only produce one seed (Lorenzetti 1993; Taylor and

Quesenberry 1996). One third (24 papers) of the 71

surveyed papers reported the floret number per flower

head. However, currently we are lacking information

about the seed number per floret, because only five out

of the 71 surveyed papers reported the seed number

produced per floret by checking the individual floret

and counting the seed number produced per floret

(Fig. 1). This may be due to the tedious task of

determining seed numbers per floret. Evaluation of the

pollination success in red clover is currently hampered

by the lack of information of the number of florets per

flower head producing zero, one or two seeds. Instead

of checking each floret directly, seed numbers per

floret are often calculated and presented as averaged

numbers for a plant or shoot (Hampton and Fairey

1997), obscuring the variation. We found that 19

surveyed papers calculated the seed number per floret

based on the information of seed number and floret

number, but this was described with five different

terminologies: seed set, fertility, seeds per floret,

florets with seed, floret site utilization (Table 3). Some

of these five terminologies were also used to describe

other measured seed yield components (Table 3),

which makes the information among the studies

confusing. We also investigated whether the studies

shown in Table 3 had included considerations of each

floret having the potential to produce two seeds per

floret. Only seven papers had mentioned or had

included information of individual floret having two

ovules per ovary and potentially producing two seeds.

Seeds from two-seeded florets have lower seed

weights than seeds from one-seeded florets in red

clover (Dijkstra 1969). Nevertheless, whether the

ability to produce two seeds per floret may influence

the seed yield and seed quality is still unclarified.

Dijkstra (1969) found no correlation between two-

seededness and seed yield and speculated that the

reason could be the lack of measuring flower head

numbers. The fertility between a red clover flower

head that produces ten seeds from ten one-seeded

florets is different from a flower head that produces ten
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seeds from five two-seeded florets. Therefore, increas-

ing our understanding of red clover fertility requires

more detailed information about the pollination suc-

cess and the reproductive success on a per floret level.

Based on differences in calculations, terminologies,

and considerations of two-seeded florets, it is very

difficult to compare the seed number per floret among

different studies. We suggest future studies to specify

the definitions of seed number per floret and to use the

terminology seed set, which is defined as the percent-

age of ovules that developed into seeds (Ne’eman et al.

2010). Although ovule site utilization might be a more

precise terminology used to describe the percentage of

ovules developed to seeds in red clover (Lorenzetti

1993), none of the surveyed studies used the termi-

nology ovule site utilization while 11 of the surveyed

studies used the terminology seed set (Table 3). The

calculation of seed set should be based on the fact that

there are two ovules per floret (potentially two seeds).

Moreover, harvest and cleaning process should be

taken into consideration (Elgersma 1991). Seed num-

ber per floret reflects pollination conditions. The lack

of original data describing this particular seed yield

component hampers the possibility to evaluate

pollination and reproductive success and to identify

potential ways for improvement—whether during

plant breeding or seed production management.

Pollination conditions

Information levels of pollination conditions and

pollination success were surveyed in 71 red clover

seed production papers (Table 4). Surprisingly, one

third (24 papers) of the surveyed papers did not

mention pollination conditions. Less than one third of

the papers specified and quantified the set-up of honey

bee hives and/or specified the bumble bee species in

the studies. Vleugels et al. (2019a) suggest that

pollination cannot explain seed yield differences in

red clover in relation to genotypes or ploidy levels.We

sought the information of the pollination conditions

and pollination success within the 36 papers that had

specified bumble bee species and/or honey bee hives.

More than one third (14 papers) recorded the abun-

dance of pollinators. While only five papers correlated

the seed set with the bee visitation (i.e., Forster and

Hadfield 1958; Free 1965; Palmer-Jones et al. 1966;

Clifford and Scott 1989; Lundin et al. 2013). None of

Table 3 Overview of various terms describing measured seed yield components

Measured seed yield

component

Unit Term used References

Seed number per

pollinated floret number

% Seed set Battle (1949), Free (1965), Pankiw et al. (1977), Puri and Laidlaw (1983), Puri

and Laidlaw (1984), Leduc (1990), Rao and Stephen (2009), Lundin et al.

(2013), Herrmann et al. (2006), Mihovsky and Naydenova (2018) and

Vleugelset al. (2019c)

Fertility Amdahl et al. (2017), Kovi et al. (2017) and Tomić et al. (2014, 2015)

Seeds per

floret

Dade (1966) and Anderson et al. (2016)

Florets with

seed

Woodrow et al. (1952) and Palmer-Jones et al. (1966)

Floret site

utilization

Anderson et al. (2016)

Seed number per pod of

the floret

Seed Seeds per

pod

Dijkstra (1969) and Richards (2016)

Seeds per

floret

Oliva et al. (1994)

Seed number per flower

head

Seed Seed set Hawkins (1961), Clifford and Scott (1989) and Gillespie et al. (2015)

Seed yield per flower

head

g Fertility Meglic and Smith (1992)
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the studies measured the stigmatic pollen deposition in

red clover, indicating limited information at the floret

level. Due to the generally poor information level of

pollination in the studies we surveyed, more research

and specific evidence are needed to clarify the role of

pollination on seed yield in red clover.

In the surveyed papers, floral morphology was not

well investigated. Approximately 11% of the papers

measured corolla tube traits, and fewer than 10% of

the surveyed studies measured floral traits such as

nectar and pollen production. Increasing nectar pro-

duction was one suggested breeding target to attract

more pollinators (Vanommeslaeghe et al. 2018).

Nevertheless, the difficulties in measuring floral traits

of nectar and pollen might be the limiting factor. Shuel

(1952) demonstrated the difficulty of breeding red

clover with higher nectar volume and sugar concen-

tration due to various influencing environmental

factors such as temperature, humidity, soil moisture,

photoperiod as well as light intensity. Furthermore,

red clover pollen viability was found to be influenced

by the weather conditions (Vleugels et al. 2019a).

Fabaceae plants and especially red clover are major

pollen and nectar sources for most bumble bee species

(Goulson et al. 2005; Bommarco et al. 2012). Rundlöf

et al. (2014) suggested that late-flowering red clover

increases bumble bee reproduction. Our study indi-

cates that there is a knowledge gap between the

research areas of seed production and the ecosystem

service of insect pollination. Quantification studies of

species-specific pollination activities are needed for

improving red clover pollination and seed production.

Future studies can be conducted by answering ques-

tions from different perspectives, for example: how

many flower resources are needed for pollinator

conservation and how many visits of honey bees are

enough for red clover seed production (Goodwin et al.

2011; Dicks et al. 2015). Methods and management

practices for monitoring pollinators and improving

pollination conditions have been updated. For exam-

ple, the abundance of pollinators can be potentially

recorded and distinguished by using the portable time-

lapse video camera and a high-resolution laser-radar

system (Edwards et al. 2015; Kirkeby et al. 2016).

DNA metabarcoding and a pollen-tracking method

using quantum dots as pollen labels can be potential

methods to identify plant-pollinator interactions

(Macgregor et al. 2018; Minnaar and Anderson

2019). According to Baude et al. (2016), historical

changes of floral resources can be estimated by

combining quantified nectar measurements and veg-

etation surveys. The use of annual flower strips was

found supporting bumble bee species richness in red

clover fields (Rundlöf et al. 2018).

As red clover is a cross-pollinated crop, we should

take pollination into consideration when we want to

improve seed yield both in the breeding of new

cultivars and in seed production management. For

example, if we increase the number of flower heads

per plant at the field scale, the plants may attract more

pollinators to the field by providing more pollen and

nectar sources for pollinators. Furthermore, seed

number and seed weight were saturated at low pollen

loads on the stigma in oilseed rape (Brassica napus

L.), indicating that low pollen amounts may be

sufficient for seed production (Lankinen et al. 2018).

A hand pollination study showed that high pollen

quality, measured as pollen viability, is more impor-

tant than the amount of pollen deposited on the stigma

for red clover seed production (Jing et al. 2019).

Ovule fertilisation and seed development

The processes of ovule fertilisation and seed develop-

ment play important roles in linking the pollination

success and plant reproductive success. However, we

found fewer than 10% (6 papers) of the studies that

recorded the ovule fertilisation and seed maturation,

indicating scarceness of investigations. Studying

ovule, embryo and seed development further our

understanding at several levels: (1) the causes for the

Table 4 Number of papers demonstrating pollination condi-

tions with different information levels

Information level of pollination No. papers

No mention 24

Little mention� 8

Quantifying honey bee hives 20

Quantifying bumble bee species 23

Hand pollination 3

The totals exceed the number of 71 surveyed paper as 7 papers

specified both honey bee hives and bumble bee species
�‘Little mention’ includes the number of papers mentioning

pollinators but without specifying pollinators species, and

includes the number of papers only mentioning pollination in

the discussion
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lower fertility in tetraploids compared to diploids

(Julén 1950; Vleugels et al. 2019a, b, c ); (2) the self-

incompatibility system (Leduc et al. 1990; Vleugels

et al. 2019c); (3) the quality of pollen transfer (Rao and

Stephen 2009; Richards 2016); (4) the evaluation of

pest damage to seeds (Johansen 1960). There is a

necessity to connect pollination and reproductive

success in future studies. For example, pollen tube

growth from pollinator visits can be measured to

connect to ovule fertilisation and seed development

(Stavert et al. 2020). Also, we found 20% (14 papers)

of the studies reported seed germination, lower than

the number of studies reported seed weight (27

papers). Sometimes viable seeds may not be able to

germinate because of seed dormancy and environ-

mental conditions during harvest and storage (Hamp-

ton and Hill 2002; Petkovic et al. 2017). In addition to

the improvement of forage yield, obtaining high seed

yields are critical in plant breeding programmes

(Hampton and Hill 2002; Boelt et al. 2015). Future

breeding activities may benefit from more emphasis

on evaluating reproductive traits.

Conclusions

Seed yield components, pollination and reproductive

success traits are interrelated and influence the red

clover seed yield. Previous studies indicated that the

seed yield components of flower head numbers and

seed yield per flower head play major roles in red

clover seed production. However, the varied

approaches to record the seed yield components

(direct measurements or calculations) may cause

contrasting results among the studies. Direct studies

that link pollination success and reproductive success

are lacking. First, few (5 papers) reported seed number

per floret, a seed yield component that is directly

connected to pollination and reproductive success.

Second, pollination conditions have been poorly

described. The variations in pollinator species, polli-

nation management (i.e., the use of honey bee hives)

and floral morphology may result in differences when

comparing among studies. Last, only a few (8 papers)

investigated ovule fertilisation and seed maturation.

Further studies that relate pollination and fertility traits

are needed to quantify the role of pollination and

reproductive success in seed production of red clover.
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Garibaldi LA, Sáez A, Aizen MA, Fijen T, Bartomeus I (2020)

Crop pollination management needs flower-visitor moni-

toring and target values. J Appl Ecol 57:664–670. https://

doi.org/10.1111/1365-2664.13574

Gillespie SD, Carrero K, Adler LS (2015) Relationships

between parasitism, bumblebee foraging behaviour, and

pollination service to Trifolium pratense flowers. Ecol

Entomol 40:650–653. https://doi.org/10.1111/een.12236

Goodwin RM, Cox HM, Taylor MA, Evans LJ, McBrydie HM

(2011) Number of honey bee visits required to fully pol-

linate white clover (Trifolium repens) seed crops in Can-

terbury, New Zealand. N Z J Crop Hortic Sci 39:7–19.

https://doi.org/10.1080/01140671.2010.520164

Goulson D, Hanley ME, Darvill B, Ellis JS, Knight ME (2005)

Causes of rarity in bumblebees. Biol Conserv 122:1–8.

https://doi.org/10.1016/j.biocon.2004.06.017

Hampton JG (1990) Genetic variability and climatic factors

affecting herbage legume seed production: an introduction.

J Appl Seed Prod 8:45–51

Hampton JG, Fairey DT (1997) Components of seed yield in

grasses and legumes. In: Fairey DT, Hampton JG (eds)

Forage seed production, vol I. Temperate species. CAB

International, Wallingford, pp 45–69

Hampton JG, Hebblethwaite PD (1983) Yield components of

the perennial ryegrass (Lolium perenne L.) seed crop.

J Appl Seed Prod 1:23–25

Hampton JG, Hill MJ (2002) Seed quality and New Zealand’s

native plants: an unexplored relationship? N Z J Bot

40:357–364

Hawkins RP (1961) Observations on the pollination of red

clover by bees. Ann Appl Biol 49:55–65. https://doi.org/

10.1111/j.1744-7348.1961.tb03592.x

Herrmann D, Boller B, Studer B, Widmer F, Kölliker R (2006)
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