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ABSTRACT

Pests from Hypera and Protapion genera (Coleoptera) can be harmful to seed clover productions,
especially to white clover (Trifoliumrepens L.) and red clover (Trifoliumpratense L.). Hymenopterans
from theBathyplectes genus (Ichneumonidae) parasitise several Hypera species and are known to
construct recognisable cocoons. Also, these cocoons can be massively found in clover seeds batches
after harvest, especially in white clover batches. Trials led in Denmark showed that a suitable sorting
protocol allows for mass collection of these cocoons. However, high mortality rate (97%) is observed
after sorting and it has not yet been experimentally validated if reintroducing cocoons in fields
actually reduces pest populations significantly. In France, sorting has been experimented on red
clover seeds batches and seems to work, but it is still not known if Bathyplectes can parasitise the
main pest on this crop, i.e. Protapiontrifolii L. If not, these parasitoids could nevertheless serve as a
biocontrol agent against Hypera species found on other leguminous crop, i.e. alfalfa (Medicago sativa
L.).
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RESUME

Trier des cocons de parasitoides dans des lots de semences de tréfle : une technique ingénieuse
pour relacher massivement des parasitoides au champ ?

Plusieurs insectes ravageurs des genres Hypera et Protapion (Coleoptera) peuvent impacter les
productions de semences de tréfles, en particulier de tréfle blanc (Trifolium repens L.) et de tréfle
violet (Trifolium pratense L.). Les hyménoptéres du genre Bathyplectes (Ichneumonidae) parasitent
plusieurs especes d’Hypera et ont la particularité de former des cocons tres caractéristiques. Or, ces
cocons sont présents en grand nombre dans les lots de semences de tréfle récoltés, en particulier en
ce qui concerne le trefle blanc. Des essais menés au Danemark montrent qu’un protocole de triage
adapté permet de récupérer, en masse, ces cocons. Néanmoins, une trés forte mortalité (97%) des
parasitoides est observée aprés ce triage et il n’a pour l'instant pas été démontré expérimentalement
qgue réintroduire les cocons en parcelles de production permettait de réduire significativement la
pression en ravageurs. En France, le triage a été expérimenté sur des lots de trefle violet et parait
fonctionner, mais il reste a préciser si les hyménoptéres obtenus sont capables de parasiter le
principal ravageur de cette culture, Protapiontrifolii L. Dans le cas contraire, les parasitoides
pourraient potentiellement servir d’agents de lutte contre I'espéce d’Hypera ravageur d’une autre
légumineuse, la luzerne (Medicago sativa L.).

Mots-clés : triage, trefle, parasitoide, Bathyplectes, Hypera



INTRODUCTION

CLOVERS SEED PRODUCTIONS IN FRANCEAND DENMARK

In France in 2019, red clover (Trifolium pratense L., 1753) was the first seed clover production in terms of
production area with 7 605ha, a hundred times more than white clover (Trifolium repens L., 1753) (only
76ha). It is the second fodder seed production behind alfalfa (Medicago sativa L., 1753), this one peaking
in 2019 at 22 573ha (GNIS, 2020).

In Denmark, white clover is the primary clover seed crop with a production area of 3411ha in 2019. In
comparison, red clover was grown on an area of 150ha, being the second most cultivated clover seed
crop(Brancheudvalget for Frg, 2019).

CLOVERS SEED PESTS

In Denmark, white clover seed production is affected by the white clover seed weevil (Coleoptera),
Protapion fulvipes (Geoffroy, 1785), and weevils from the Hypera genus: the lesser clover leaf weevil
Hypera nigrirostris (Fabricius, 1775) and the clover head weevil Hyperameles (Fabricius 1792)(Langer
and Rohde, 2005; Topbjerg et al, 2016).Feeding by these pests can reduce the seed yield by more
than 40 or 50%. P. fulvipes is usually found in higher numbers than the hyperine weevils, though the
damage caused by individual insects is lower than that ofH. Nigrirostris and H. meles(Hansen and
Boelt, 2008;Boeltet al, 2019).

In Denmark, P. fulvipes adults overwinter under dead leaves, in hedges or at the edge of woods
(Freeman, 1965 in Hansen and Boelt, 2008). Adults migrate to the host plants in spring, feed until
maturity, and then begin to oviposit. Eggs are laid inside the florets, with one egg per floret. The larva
develops inside the floret where pupation also takes place (Hansen and Boelt, 2008). Under field
conditions, it takes three weeks for the larva to develop and each larva can consume about five seeds
in two ovules as they develop (Bovien and Jgrgensen, 1934 in Hansen and Boelt, 2008).

For the hyperine weevils, adults overwinter mainly in clover crops but also, as for P. fulvipes, in
adjacent areas from where they migrate to the nearest clover crop in the spring. Oviposition occurs
in spring and early summer and eggs are laid on or in leaves, petioles, stipules and stems of clover
plants. There are 4 larvae instars which develop over a period of three weeks (Hansen and Boelt,
2008). Both larvae and adults can cause damage but larvae inflict the primary damage (Topbjerg et
al, 2016).After hatching, the larvae migrate to the flowerhead or stem to eat both seeds and green
parts of the plant, and in many cases the clover shoot is completely destroyed(Markkula and Tinnila,
1956 in Hansen and Boelt, 2008). Severe infestations cause complete defoliation of clover plants and
greatly reduced seed yield(Metcalf et al, 1962 in Hansen and Boelt, 2008).P. fulvipes, H. nigrirostris
and H. meles have one generation per year (Nyabugaet al, 2015; Topbjerg et al, 2016).

In France, red clover seed production is highly affected by another insect from the Brentidae family
(Coleoptera) but from a different species than in Denmark, Protapion trifolii (Linnaeus 1768) (Figure 1a).
Fourteen years of experimentations showed that this pest can reduce seed yield by 38% on average
(max 70%)(Coussy and Joffre, 2018). Neonicotinoids are an effective way to control this weevil (Kolarik
and Rotrekl, 2013; Coussy and Joffre, 2018) but, since their ban in 2018 in France, there is currently no
insecticide solution as effective as the neonicotinoids available for red clover fields.

In France, P. trifolii overwinters as adults and have one generation per year (FNAMS, 1984). Activity
begins in spring (March — April) when adults colonise new fields (Ohlsson, 1968 in Lundin, 2013). In May,
ovipositioning is carried out on a specific bud stage, i.e. as the green inflorescence elongates out from
the stipule. One egg is laid perflower at a time, though several females can lay on the same flower.
During its life span a female can lay 80 to 130 eggs (Agroatlas, 2020).Larvae grow inside the flowerhead,
through 3 larval stages with a developmental period of one month. The larva feeds on pollen, ovules or
seeds (Figure 1c). A larva can consume on average 8 seeds per flowerhead (FNAMS, 1984) and, usually,
several larvae are found in a flowerhead. At the end of feeding, metamorphosis occurs in the flowerhead
andnewlyhatched adults emerge during July (FNAMS, 1984). These adults consume leaves but do not lay



eggsin the crop. After a few weeks, they leave the red clover field to overwinter in the adjacent
environment, and seek towards new fields in the coming spring (Schnell, 1955 in Lundin, 2013).

Other pests that can be found on red clover are insects from the Hyperini tribe, especially Hyperapostica
(Gyllenhal, 1813), Brachyperazoilus (Scopoli, 1763) and, as in Denmark on white clover, Hypera
nigrirostris (FNAMS, 1984). These insects can be harmful to seed production but are encountered less
frequently than P. trifoliiin the fields.

Figurel: Pictures of (a) P. trifoliiadult, (b) P. trifolii mating on a red clover flowerhead, (c) red clover
seeds eaten by P. trifolii, (d) Bathyplectes sp. cocoon found in red clover, (e) Hypera sp.
larva on alfalfa
(Photographies (a) d’'un adulte deP. trifolii, (b) d’'un accouplement de P. trifolii sur un
capitule de tréfle violet, (c) de graines de trefle violet mangées par P. trifolii, (d) d’'un cocon
deBathyplectessp. trouvé dans du trefle violet, (e) d’'une larve d’Hyperasp.sur luzerne)
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PARASITOIDS OF CLOVER WEEVILS

In Sweden, Spintherus dubius (Nees, 1834), a small hymenopteran wasp (Pteromalidae), is known to
parasitize both P. fulvipes and P. trifolii(Faraoneet al, 2017).S. dubius has also been observed in the north
of France (Vago, 1993) and then should be present in red clover seed fields. After mating, females are
active on clover flowers, drumming the florets with the antennae to localize a weevil larva. Once located,
an egg is laid inside the larva (medium to late instar), and the parasitoid larva feeds on the host causing
its death (Faraoneet al, 2017).S. dubius is likely to have two generations per year and to hibernate as full-
grown larvae in the clover heads (Stern et al, 2012).

Three species of the genus Bathyplectes(lchneumonidae), Bathyplectesstenostigma (Thomson, 1887),
Bathyplectesanurus (Thomson, 1887) and Bathyplectescurculionis (Thomson, 1887) are parasitoids of
Hypera species, and especially H.posticaand H. nigrirostris(Dysart and Coles, 1971; Shrestha et al,
2018). These species oviposit in larval instars of Hypera sp., with one parasite larva consuming a
single host larva.B. curculionis and B. anurus ultimately emerge to spin a recognisable white-banded
and dark brown cocoon, usually inside the weevils’ own cocoon, entering diapause inthe fall. After
pupation, it changes into adult and remains in diapause in the cocoon until the next spring (Dysart



and Coles, 1971; Roshandel and Ebrahimi, 2003). B. stenostigma differs from the others because it
exits from the dead host larva to spin its cocoon in the ground litter or inside a curled alfalfa leaf.
Furthermore, cocoons from this species have a distinctly different texture from those formed by
either B. curculionis or B. anurus and have no exterior white band (Dysart and Coles, 1971).Hypera
species and their parasitoidsBathyplectes sp. are found on clover crops but also on alfalfa crops
(Medicago sativa L., 1753) (Figure 1e) (Bartell and Pass, 1980; Takagi et al, 2005).

AN INGENOUS WAY TO GET PARASITOIDS

Observations in Denmark has shown that harvested material from white clover seed fields can contain
large amounts of parasitoid cocoons. Since 2015, a method to sort these pupae from debris (weed
seeds, soil particles and plant debris) has been studied and finally developed. It separates parasitoid
cocoons from other waste materials through different sorting machines (Topbjerg et al, 2016). The aim
is to collect a large amount of cocoons, that otherwise would have been destroyed with the
remaining waste material, and release these cocoons in the clover fields the following spring. This
gives a mix between inoculated biological control (bringing cocoons in mass to a location) and
conservation biological control (strengthening the numbers of the indigenous population). The
method is described and discussed in the following.

This method devised in Denmark has been tested in France on red clover material to assess if the sorting
process works and allows for the extraction of the parasitoid cocoons and, if it is the case, what
parasitoid species can we observe in red clover fields in France?

MATERIAL AND METHODS

SORTING OUT PARASITOID COCOONS FROM DEBRIS

Hand sorting
In 2018, prior to testing cocoons separation from waste with sorting machines, we sortedparasitoid
cocoons by hand from 30 samples of red clover raw material, each sample weighted 25g.Samples were
from an experimental plot with 15 non-treated and 15 insecticide-treated samples. It permittedus to
evaluate that parasitoid cocoons wereactually present in red clover batches, before using sorting
machines.

Sorting with machines
In 2019, red clover raw material obtained from another experimental field was used to try out the
sorting machines. Three samples of 300 g each were used to evaluate the sorting method which was
separatedinto five steps. First step was to discard large and small particles using different sieves and a
light suction (Figure 2a). Second step was to remove monocotyledonous weed seeds with an indented
cylinder (Figure 2b). Third step was again to discard particles using sieves with a light suction, with sieves
having a smaller meshes size than the largest used in the first step and larger than the smallest used in
the first step. Fourth step wasa repetition of the third but with a higher suction. The last step was to sort
out the cocoons with a gravity separator (Figure 2c).
One important part of the process was the sieves and the fact that they should not be overloaded with
material. Adjustments tospeed and shaking depended on the composition of the materialand sorting
equipment and was important to achieve a good separation.

We did not find any cocoons in this raw material, so to check that the method was actually discriminant
and worked in separating cocoons from debris, we gathered again the raw material and introduced in it
10 cocoons obtained by hand sorting, thus we knew exactly how many cocoons we should find at the
end of the process.



Figure2: Pictures of (a) an air-screen cleaner (Westrup LA-LS), (b) an indented cylinder (Westrup LA-
T), (c) a gravity separator (Westrup LA-K)
(Photographies (a) d’un nettoyeur air-tamis (Westrup LA-LS), (b) d’un trieur alvéolaire
(Westrup LA-T), (c) d’une table densimétrique (Westrup LA-K))
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RESULTS

We were able to collect by hand sorting 3,3+2,1 parasitoid cocoons on average for each 25g sample. In
30 samples, only 4 did not contain any cocoons. Surprisingly, mean for the 15 non-treated samples was
1,8+1,4 cocoons and mean for the 15 insecticide-treated samples was 4,9+1,6 cocoons, which is
statistically different (Student t-test, df=28, p< 0,0001).

These cocoons did not differ in their aspect and it looks like they are from the same species. Based on
the pictures from Dysart and Coles (1971) we can conclude that they are not B.stenostigma cocoons, as
these do not present an exterior white band. The cocoons we found must therefore either be
B.curculionis or B. anurus, and we assume that they are actually the latter (Figure 1d). Indeed,
B.curculioniscocoons show a wide, flattened and quite irregular white bands, while those from B.
anurusshow narrow, smooth-edged and slightly raised white bands (Flint et al, 1998; Shelton, 2020).
This hypothesis should be confirmed with imagos identification but we did not get any imagos from
these cocoonsso far.




Figure 3: Pictures of (a) red clover debris after the first step of sorting

(different sieves and a light suction), (b) fraction containing i
cocoons after the first step, (c) fraction containing cocoons ¥
after complete sorting (five steps)
(Photographies (a) des déchets de trefle violet apres la
premiere étape du tri (séparateur et ventilation), (b) de la
fraction contenant les cocons apres la premiéere étape de tri,
(c) de la fraction contenant les cocons apres le triage
complet)
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We got raw material from a red clover experimental field, divided into the three samples of 300 g each,
and we did not know if cocoons were present in this batch. For each sample, sorting with machines did
not provide any cocoons so we did not know if the process was discriminant enough or if there were
actually no cocoons. We introduced in one of the samples 10 cocoons obtained by hand sorting, thereby
knowing exactly how many cocoons we should find at the end of the process and we sorted it a second
time. From the initial 300 g sample (Figure 3, pictures a and b correspond to the whole 300 g sample but
split after the first sorting step), we obtained a small batch representing less than 10% of the initial
volume (Figure 3c). In this small batch, we found the 10 cocoons introduced at the beginning. We can
therefore conclude that the sorting of cocoons in red clover debris with machines works, even if a small
amount of particles remain after the complete sorting process.

DISCUSSION

Our survey confirms what has been showed on white clover in Denmark, i.e. there are parasitoid
cocoons in red clover debris and that it is possible to extract these cocoons with sorting machines.
The method described constitutes five steps, but it might be possible to get the same results with
only three steps. These steps would be first to remove monocotyledonous weed seeds with an
indented cylinder, then to discard particles using sieves with a significant suction, and finally to get the
cocoons with a gravity separator.However, this hypothesis has to be confirmed with further trials.
Concerning Bathyplectesspecies, we assume that we found B. anurus cocoons, which is different
from the observations on white clover in Denmark where Topbjerg et al (2016) identified
B.curculioniscocoons. But we cannot be sure of our identification because we did not get imagos
from these cocoons so far.

We got on average 3,3+2,1 cocoons for 25g, which means that a 100kg red clover raw material could
contain 13 33318 619 cocoons. Topbjerg et al (2016) haveestimated in Denmark that an organic white
clover seed area of more than 450 ha could theoretically provide more than 26 million parasitoid
cocoons. It is a large amount of cocoons but we do not know, in our samples, what proportion is actually
viable. It seems that this proportion would be extremely low, around 3% (Topbjerg et al, 2016). If we
consider the previous extrapolation of 13 333 cocoons in 100 kg, it would represent only 400 viable
cocoons. Surveys in progress in Denmark has shown that if the cocoons are obtained directly from
the flowerheads in field or from the swath, parasitoid mortality is almost null (Topbjerg et al, 2016).
So, this mortality must increase in one or several steps between field and sorting. It could be when
the swath is drying in field, when the swath is harvested, when the clover seeds are dried to a low
water content, when the material is stored just after harvest, when the material is transported to the
seed sorting facility, when the debris are sorted out of the raw material or when the cocoons are
sorted out of the debris. A process optimization could be achieved if we find which step is
detrimental.

In our red clover samples, none of the cocoons we found seemed viable, as we did not observe any
imagos emergence in 2018. Since a high mortality rate is observed, it is important to identify a way to
separate viable and dead larva within their cocoon. Cocoon weight appears to be a quite good
measure and a simple first step to discriminate if the parasitoid inside is still alive or actually dead.
Keeping only cocoons heavier than 3,2 mg should allow forat least a viability of 50%in a batch



(Shresthaet al, 2018).Shresthaet al(2018) also explain that after separation by weight, a multispectral
analysis, combining the features of conventional imaging and spectroscopy is able to identify cocoons
containing a live larva with an accuracy of 89%.The multispectral imaging system used in the study by
Shresthaet al (2018) is presented as rapid and non-destructive. Therefore, it could be an efficient way
to extract viable cocoons, but it has to be suitable to an industrial sorting.

In France, the main pest of red clover seed production is P. trifolii(Coussy and Joffre, 2018).
Bathyplectes species are not known to parasitize Protapion sp., but we actually do not know if
parasitism can be possible. The fact that we find Bathyplectescocoons in red clover fields means that
the host is present in these fields. It is very likely that the host is a Hypera species, but it would be
important to evaluate the parasitism rate of Bathyplectes on P. trifolii.

If we identify that Bathyplectes can definitively not parasitize P. trifolii, it appears that it is still
possible to add value to red clover waste because Hypera sp., especially H. postica, is a pest of alfalfa
seed production and even a major pest in alfalfa fodder production (Rodaet al, 1996; Boissiére and
Hacquet, 2011; Coussy, 2019).So, if the cocoons sorting process can be achieved routinely and on an
industrial scale, it could be beneficial to alfalfa seed production. Of course, cocoons could also be
released in red clover fields against Hypera species found on this production, but these species are
currently not considered as major pest of Trifolium pratense(FNAMS, 1984).

Today, the idea of sorting out the cocoons and using them the following year is still a conceptual
idea. Surveys in Denmark are in progress and it is still not clear if releases actually decrease the seed
damage by Hypera weevils. The increasing in parasitism rates is observed within year of release, but
seed yield is not significantly increased nor isthe number of parasitoids available the following year
(pers. comm. Topbjerg).

In case of non-parasitism of Bathyplectes onP. trifolii, it would be interesting to conceive strategies
around a known parasitoid of this weevil, as Spintherus dubius.The biological information available
on the parasitoids in red clover is only fragmentary. We do not know exactly if S. dubius hibernates as
full-grown larvae in the clover heads (Stern et al, 2012), or if females overwinter as adults in
drylocations as do other pteromalid species present in red clover (Graham, 1969 in Lundin, 2013).
Further investigation is required, nevertheless, specimens may be present in the chaff or elsewhere.
Thereby, it seems impossible to proceed as we explain previously with Bathyplectes cocoons, i.e. we
cannot extract S. dubius adults from red clover waste because specimens would probably not survive
from the field to the last step of sorting, these specimens being undoubtedly more fragile than
cocoons.Diadetchko (1970 in Stern et al, 2012) explains that S. dubius populations are substantially
reduced by seed harvesting, but a large number of hibernating parasitoids remain in the chaff.
Therefore, it would theoreticallybe possible to increase the parasitoid abundance by leaving the chaff
in piles in the clover fields to permit emergence the following spring.However, due to population
increasing of clover root borer Hylastinus obscurus (Marsham, 1802) from one year to the next, red
clover seed fields in France are, in the majority of cases,conducted only one year, so it is not relevant
or possible to leave the chaff for the following year in these cases. To help maintain of parasitoid
populations in an area, it is of course important to allow these populations to achieve their biological
cycle but also to reduce fragmentation ofhabitats. Kruess and Tscharntke (1994) showed for the
specific case of S. dubius in red clover that habitat fragmentation affected their populationsize more
than thatof theirphytophagous hosts, and the rate of parasitismwas reduced by habitat
fragmentation.Maintain habitat connectivity may contributeto the biocontrol of pests, and control
strategies of red clover pest should explore this element.

CONCLUSION

Sorting out parasitoid cocoons from debris is an ingenious way to mass collection of biological
control agents and to add value to crop waste. It completely depends on the biology of the
parasitoid, i.e. if there is a stage where it is in the debris and if we can collect it, but surveys in



Denmark on white clover have shown that this method works and the survey we carried out in
France on red clover confirms this. Presently, optimization of the process is necessary for the
industry to consider this as an economic gain for the production of clover seeds.

In France, although it might not be beneficial to P. trifolii control, this shows that there are still many
ways to conceive an agriculture not based on synthetic pesticides, by combining integrated strategies
that lead to a durable and biologically stable pest management.
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