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Abstract
Buckwheat (Fagopyrum esculentum) is a member of the Polygonaceae family, cultivated as a cover crop to suppress or reduce 
weeds and improve soil health. In our field studies, buckwheat gave significant potato tuber protection from wireworm dam-
age after two consecutive years of cropping. In this study, we identified the mechanism underlying the beneficial effect of 
buckwheat on wireworm suppression. Results show high wireworm numbers in buckwheat than other host plants in bioassays 
conducted under greenhouse and field conditions which reject the hypothesis that buckwheat has antifeedant activity. We 
found that newly hatched neonate wireworms feeding on either barley or buckwheat plants for 120 days, showed reduced 
body weight and head capsule size. The larvae feeding on buckwheat were 60% and 30% smaller than the ones feeding on 
barley. Survival was also impacted with 44% of the neonate larvae surviving on barley plants, and only 15% when feeding on 
buckwheat roots over 120 days. A similar bioassay with small to medium-sized wireworms showed higher mortality, lower 
weight gain and smaller head capsule size. Wireworms feeding on buckwheat were deformed and demonstrated irregular 
growth. In conclusion, this study revealed that buckwheat did not repel wireworms and they chose to feed on the roots despite 
it not being a good host. Long-term feeding on buckwheat roots caused reduced weight gain, abnormal growth, and reduced 
survival. This study provided a better understanding of how buckwheat functions as a biopesticide for wireworm control and 
its potential for use in an IPM program.
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Introduction

Wireworms are the most common and widely distributed 
pests of cultivated crops with over 10,000 species world-
wide (Brandl et al. 2017). Economic damage coupled with 
their wide host range makes wireworms a major concern to 
growers worldwide. Damage to root crops such as potato, 

rutabaga, carrot, onions, although cosmetic, can result in 
rejection by consumers and processors of an otherwise pro-
ductive crop. In addition, feeding tunnels can serve as entry 
points for disease organisms causing additional losses in the 
field and storage facilities (Keiser et al. 2012). Wireworms, 
the larval stage of click beetles, are particularly difficult to 
control because of their long-life cycle (Parker and Howard 
2001). Females lay their eggs singly or in clusters in the soil 
in late spring. The eggs hatch and the larvae begin feeding 
on the organic matter and roots of the crop. In the fall, the 
larvae feed voraciously before burrowing into the soil to 
overwinter and return to the surface in the spring where they 
once again begin feeding on the roots of their host plants. 
The time to complete larval development can vary between 
2 and 5 years, depending on the species (Parker and Howard 
2001). Feeding by wireworms in the fall prior to overwinter-
ing can result in root crops, such as potatoes, carrots, ruta-
baga, being severely damaged before harvest.
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Prince Edward Island (PEI) is the largest potato-produc-
ing province in Canada. In 2015, the PEI agricultural indus-
try estimated the yearly crop losses because of wireworm 
feeding on seeds and seedlings in the spring and on root 
vegetable crops in the fall to be over $7.2 million. Agriotes 
sputator is the most widely distributed and destructive spe-
cies in PEI (Noronha personal observation; Vernon and Herk 
2017).

The lack of efficacious insecticides for wireworm con-
trol led to a significant increase and spread of A. sputator 
in PEI (Noronha et al. 2007; van Herk et al. 2008; Vernon 
et al 2013). Alternative control measures to suppress popu-
lations have been studied such as, naturally occurring iso-
lates of Metarhizium and Beauveria which were found to be 
effective in suppressing wireworms (Kabaluk et al. 2013), 
however, the impact of tillage intensity on wireworm den-
sity is inconsistent (Furlan et al. 2021; Morales-Rodriguez 
et al. 2022; Le Cointe et al. 2023), and mass trapping of 
male click beetles was found to be ineffective in reducing 
population (Sufyan et al. 2013). Planting Brown Mustard 
and Buckwheat as rotation crops in wireworm infested fields 
was effective in reducing wireworm populations and crop 
damage in the subsequent year (Noronha 2011). Crop rota-
tion is a well-known practice for improving soil quality and 
building sustainable production systems.

Common buckwheat (Fagopyrum esculentum Moench) 
is a pseudo-cereal in the family Polygonaceae cultivated for 
its seed for human and animal consumption and as a cover 
crop and green manure. It originated from North or East 
Asia and cultivated for human consumption since at least 
1000 BC (Wei 2018). Therefore, it is of great significance 
as a rotation crop. Buckwheat is grown as a crop and has 
several benefits for farmers, traditionally it plays a key role 
as a good preceding cover crop due to it being a phosphorus 
(P) scavenger, making P more available to crops during the 
following growth season (Possinger et al. 2013). It is also 
well known for its weed suppression provided by the pro-
duction of allelopathic root exudates (Gfeller et al. 2018; 
Iqbal 2003). Plant root exudates are known to influence the 
chemical and biological conditions of the soil rhizosphere, 
palmitic acid and gallic acid derivatives were found by 
Kalinova et al. (2007) to be key components in root exu-
dates from buckwheat. Kato-Noguchi et al. (2007) found 
that just one buckwheat seedling produced enough allelo-
pathic exudate to inhibit the growth of lettuce. Not only do 
these root exudates from buckwheat impact plant growth 
but they can also inhibit the growth of soil-born pathogens 
(Abbasi et al 2018), making it a good rotation crop to grow 
in infested fields. Buckwheat is a useful source of pollen and 
nectar for insects and can attract natural predators to control 
crop pests (Amoabeng et al. 2019). A significant increase in 
22 parasitoids in New Zealand was seen when buckwheat 
was grown in fields (Berndt et al. 2002). In nature, many 

plants can produce secondary metabolites that exhibit insec-
ticidal activities (Amoabeng et al 2019). The extracts from 
buckwheat seeds showed insecticidal activity against Myzus 
persicae (Lee et al. 2000). Field studies with buckwheat 
can alter the behaviour of the Popillia japonica females and 
reduce the density of larvae in the soil when compared to 
clover and ryegrass indicating insecticidal activity (Szendrei 
and Isaacs 2006).

Our previous study successfully demonstrated significant 
potato tuber protection from wireworm damage by planting 
buckwheat for two consecutive years in highly infested fields 
(Noronha 2011). However, the potential mechanism underly-
ing the beneficial effects of buckwheat on wireworm control 
remains poorly understood. According to Hawkins (1930), 
wireworms belonging to the genus A. mancus (Say) or Mel-
anotus move deeper in the soil profile in the field planted 
with buckwheat. Therefore, the most common assumption 
for the effects of buckwheat on wireworm control was that 
plant root exudate functions as an insect antifeedant or 
feeding deterrent. This behaviour was also hypostasized by 
Bohorquez Ruiz et al. (2018). However, our observation in 
the field trial found a decrease in the number of wireworms 
and decreased damage to potato tubers by A. sputator wire-
worms following a buckwheat rotation crop.

We undertook this study to answer these questions and to 
understand the role of buckwheat in suppressing wireworm 
populations. We designed a series of field and laboratory 
experiments to clarify three questions: (1) Do buckwheat 
roots deter wireworm feeding? (2) What is the mode of 
action of buckwheat on wireworms (3) The feeding dura-
tion required to see the effects on wireworms feeding on 
buckwheat roots. In this study, we compared buckwheat to 
the most common rotation crops barley (Hordeum vulgare 
(var. Island)) red clover (Trifolium pretense (var wildcat)) 
and potatoes, all known to be good wireworm host plants.

Experimental methods

Wireworms used in the trials

Neonate larvae used in this study were one-day-old wire-
worms collected from newly hatched eggs laid by female 
click beetles under laboratory conditions (21 ± 2 °C, 16:8 
(L:D) h, and 50 ± 10% relative humidity). For all other 
studies, wireworms collected using carrot bait traps from 
infested fields were maintained in 30 × 20 × 12.5 cm plastic 
containers filled with field-collected moist soil with fresh 
potato tubers as a food source. The containers were placed in 
an incubator at 6ºC; soil moisture was maintained at 40% by 
adding water and fresh potato tubers as food when required. 
Because of the difficulty in identifying wireworm instars, 
for our studies, we used head capsule size, which is a know 
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method to determine instars in insects, and body weight to 
select wireworms. To choose a range of size, we randomly 
selected 78 larvae from our laboratory population and corre-
lated the head capsule and body weight. Our results showed 
a positive correlation between body weight and head capsule 
size (Y = 16.277x − 5.8851 R2 = 06915). For consistency, 
when choosing larger wireworms for our greenhouse and 
laboratory studies, we selected wireworms within a cer-
tain range of head capsule size and body weight. Small-
medium (head capsule 0.62–0.94 SD ± 0.1, weight 4–10 mg 
SD ± 1.9) wireworms from our laboratory population were 
used in the trials. Prior to the commencement of each trial, 
all wireworms were acclimatized to (20 °C) for a period of 
72 h. This was done by removing the required number of 
wireworms from the rearing container and placing them in 
a new container with soil, similar to that used in the trials, 
and potato tubers as food source.

Crop varieties used in the trials

Wireworms feed on the roots of a wide variety of crops. In 
the trials discussed below, growing plants of four different 
crops were used as a food source. Varieties of the differ-
ent crops used were Buckwheat (var. Mancan), Barley (var. 
Island), potato (var. russet burbank), and clover (var. wild 
cat). Barley and /or clover plants served as the control treat-
ment in the trials.

Feeding preference of wireworms provided 
with three common rotation crops as a food source

Greenhouse trial

To determine the preference for buckwheat versus barley and 
clover as a food source, we used white plastic boxes, meas-
uring 65 cm × 70 cm × 20 cm deep (GIMSE Underbed stor-
age box). Each box was filled with 15 lbs of moist potting 
soil which produced approximately 10 cm soil depth, and 
fertilizer was evenly incorporated into all the soil. Within 
each box, four equal-sized compartments were established 
using vertical plastic dividers. The ensure viability of seeds, 
barley and buckwheat and clover seeds were pregerminated 
by placing them in the Petri dish with moist filter paper in 
the growth incubator set at 22 ± 2 °C, 16:8 (L:D) h, and 
70% ± 10% relative humidity (RH) for three days. Germi-
nated barley, or buckwheat plants (20 plants) were trans-
planted into separate randomly selected soil compartments 
in each box, and one gram of germinated clover seeds were 
seeded into the third compartment. The fourth compartment 
of each box contained only soil which served as an additional 
control. Plants were allowed to establish over two weeks 
after which the plastic dividers were removed. Twenty-five 
randomly selected small to medium-sized wireworms were 

released on top of the soil in the center of each box and were 
allowed to dig into the soil and move freely toward their 
food source. The wireworms were allowed to feed for an 
additional three weeks after which the aboveground plant 
parts were clipped, and the plastic dividers were once again 
inserted into each box to separate the soil into their origi-
nal compartments. The soil along with the root mass of the 
plants in each compartment was collected and thoroughly 
checked for wireworms. Each bioassay consisted of four rep-
licates and was repeated three times. A total of 300 larvae 
were used for this study.

Because red clover is a commonly grown rotation crop, 
we wanted to determine the choice of clover if the cropping 
area was larger. In this trial, the boxes, comparable in size to 
those in the trial above, were divided into two sections, and 
planted with buckwheat and clover at the field rate to exam-
ine the preference of wireworms between clover and buck-
wheat. The method used was similar to the one described 
above except that the boxes were divided into two compart-
ments, clover was planted in one and buckwheat was planted 
in the other compartment at the recommended field rate. 
Twenty-five wireworms were released in the center of the 
box and allowed to move to their preferred food plant. After 
three weeks the soil and roots were removed and examined 
for wireworms. The numbers of wireworms in each crop 
were counted.

Field trial

The field trial was conducted with a slight modification 
of the greenhouse method stated above. Five micro plots 
consisting of 2 m × 2 m × 0.5 m deep bottomless wooden 
boxes were set up in the field at Harrington research farm 
(46.341493, − 63.156055). A floating Row cover (Veseys 
(AG-15 row cover)) was placed at the bottom, before fill-
ing the box (microplot) with soil, this was done to prevent 
naturally occurring wireworms from moving up into the soil 
within the microplot but, allowing rainwater to penetrate 
and prevent waterlogging. The microplot was divided into 
four sections by placing vertical partitions in the soil. Buck-
wheat, barley, and clover seeds were planted in 10 cm pots 
with three plants per pot in the greenhouse. One week after 
plant emergence, nine pots of each crop were transplanted 
in a randomly selected section within the microplot. After 
transplanting, the vertical partitions were removed, and 100 
female and 100 male click beetles were released in the center 
of each microplot with cut apples and vials of 10% honey 
and water solution as adult food. A floating row was used 
to cover each microplot to prevent beetles from leaving or 
entering. Beetles were allowed to mate, feed and deposit 
eggs in the soil for a period of two months after which the 
row cover was removed and hatching neonate wireworms 
were allowed to choose among the different crops as their 
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food source. After removing the row cover, the vertical parti-
tions were reinstalled in each microplot, and nine carrot bait 
traps were placed in each section of the microplot every two 
weeks for a period of two months. The soil from the bait 
traps was carefully examined and all first year (neonates) 
wireworms were counted and recorded. The trial was con-
ducted over a four-month period during the growing season 
(mid-June to October).

Effects of feeding on buckwheat roots on wireworm 
development—laboratory trials

Trial with neonate wireworms

A no-choice food test with neonate wireworms was con-
ducted between 20th July, and 20th Nov. 2017. One hundred 
and twenty cups (ROPAK®) 7.5 cm in diameter and 8.5 cm 
in height were filled with moist potting soil and seeded with 
barley or buckwheat. The cups were placed in a growth 
chamber (Conviron™) at 21 °C, with a 16L:8D photo regime 
and approximately 75% RH and the plants were allowed to 
grow for four weeks. Two newly hatched wireworms were 
then gently transferred into each cup (N = 240 neonate lar-
vae) and allowed to feed on the roots of the plants. After 
four months of feeding the soil from each cup was carefully 
checked for wireworms. Larval survival and the difference 
in development between larvae feeding on either barley or 
buckwheat for four months was determined by comparing 
the average body weight gained and the change in the width 
of the head capsule. Larval head capsule pictures were taken 
with the Olympus SZ-CTV Infinity 1 at 60X magnification, 
and the head capsule width was measured using Quick-
PHOTO Camera 3.1.

Trial with small to medium‑sized wireworms

Buckwheat, barley, and potato plants were grown in pot-
ting soil in plastic cups (ROPAK®) at 7.5 cm diameter and 
8.5 cm high. Wireworms (head capsule 0.62–0.94 SD ± 0.1, 
weight 4–10 mg SD ± 1.9), randomly selected from the labo-
ratory wireworm population, were individually released in 
cups with a four-week-old plant and incubated in a growth 
chamber (Conviron™) at 21 °C, with a 16L:8D photo regime 
and approximately 75% RH. The plants received 50 ml of 
water everyday to maintain adequate moisture for both plants 
and insects. Every four weeks the wireworms were removed 
from the cup, the body weight and head capsule were meas-
ured and then transferred to a new cup with a plant. There 
were twenty replications for each treatment plant.

To further understand the impact of buckwheat on wire-
worms, a similar trial as above, with small to medium-sized 
wireworms (weight 4–10 mg SD ± 1.9) was conducted using 
buckwheat and potato plants. Sixty cups each of buckwheat 

or potato plants were planted and allowed to grow in a 
growth chamber for four weeks as mentioned previously. A 
hundred and twenty wireworms with body weight between 
4 and 10 mg (SD ± 1.6) and head capsule size 0.64–0.97 
(SD ± 0.08), were randomly selected from the population 
maintained in the laboratory and individually transferred 
into either four-week-old buckwheat or potato plants. The 
cups were placed in the growth chamber (Conviron) at 
21 °C, with a 16L: 8D photo regime and approximately 75% 
RH. In this trail, the soil of each cup was checked every 
ten days for 80 days in total. The body weight and the head 
capsule width of all wireworms collected were measured 
and recorded. There were 60 replicates per treatment plant.

Statistical analysis

The food choice of wireworms between the different treat-
ments on larval survival, body weight gain and head cap-
sule were compared using a one-way analysis of variance 
(ANOVA). A two-way ANOVA was used to compare the 
body weight and head capsule over time, means were com-
pared using Tukey’s HSD test using R statistical package (R 
Core Team 2018).

Results

Feeding preference of wireworms provided 
with three common rotation crops as a food source.

Greenhouse trial

In the greenhouse trial, when given the choice, wireworms 
preferred to move to buckwheat, followed by barley, clover 
and bare soil. Although a higher percentage of wireworms 
were found in the buckwheat treatment, overall, there was no 
statistically significant difference observed among all treat-
ments (P = 0.66, df = 8) (Fig. 1).

We found that when small medium-sized wireworms were 
provided with a choice between red clover and buckwheat, 
once again a significantly higher percentage of wireworms 
chose buckwheat as their food source instead of clover 
(P = 0.01, df = 4) (Fig. 2).

Field trial

The previous greenhouse trials provided information on 
the food plant preference of small to medium-sized wire-
worms. In this trial, we wanted to determine the preferred 
food choice of hatching neonate larvae after the first four 
months of their life cycle. Our results showed no significant 
difference between the total number of first year wireworms 
found in buckwheat, barley, clover and in bare soil (P = 0.40, 
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df = 76) (Fig. 3). This lack of significance could be because 
all crops provided were host crops for the neonates and 
movement in search of food was not required.

Effects of feeding on buckwheat roots on wireworm 
development—laboratory trials

Trial with Neonate wireworms

In this study, we collected newly hatched wireworms and 
placed them on barley or buckwheat plants as food sources 
for a period of 120 days. Results showed that after feed-
ing for 120 days on the roots of these plants mortality was 
significantly higher (P < 0.05) when feeding on the buck-
wheat roots as compared to barley roots. There was also a 
significant reduction (P < 0.05) of the average body weight 
of wireworms feeding on buckwheat when compared to 
those feeding on barley. Similarly, results showed a 30% 
reduction (P < 0.05) in the average size of the head capsule 

(0.95 (± 0.075) mm and 0.69 (± 0.024) mm for wireworms 
feeding on barley and buckwheat, respectively (Fig. 4). 
The wireworms despite starting at the same stage and size 
(newly hatched) show a significant reduction in growth when 
feeding exclusively on buckwheat roots when compared to 
the wireworms feeding on barley roots, the photographic 
difference in body size between the two groups is shown 
in (Fig. 5). There was a positive correlation between body 
weight and head capsule size (Fig. 6). A steeper slope in 
the buckwheat compared to the barley-feeding wireworms 
indicates a quicker increase in head capsule size compared 
to body size and may indicate an increase in the number of 
molts.

Trial with small medium‑sized wireworms

In this study, we wanted to determine the impact on body 
weight and head capsule size of small to medium-sized wire-
worms feeding on buckwheat, barley, and potato plant roots 
over an extended period. Results showed a sharp increase 
in mortality after 4 weeks of feeding on buckwheat roots. 
Continued feeding resulted in a further increase in mor-
tality of the experimental population reaching 65% after 
12 weeks of feeding. Physical changes stabilized between 
12 and 16 weeks followed by a further increase in mortal-
ity to 80% after 24 weeks of feeding. This stabilized period 
could be related to a period of non-feeding during molting. 
Similarly, results also showed little to no increase in aver-
age body weight during the first four weeks of feeding on 
buckwheat when compared to wireworms feeding on barley 
and potato. A slower increase in body weight was observed 
over the 24-week feeding period compared to potato and 
barley. A similar trend was observed in head capsule size 

Fig. 1   Percentage of wireworms (± SE) found feeding on the roots of 
three different crops when given a choice of food sources (N = 300)

Fig. 2   Percentage of wireworms found feeding when given a choice 
between clover and buckwheat as a food source (N = 300)

Fig. 3   Mean number of first year wireworms found in field microplots 
containing different crops
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with no change for both barley and buckwheat after the first 
four weeks of feeding, but continued feeding resulted in a 
constant decrease in head capsule size with the head capsule 
size being 20% smaller at the end of six months of feeding 

when compared to wireworms feeding on barley. In addition, 
the head capsule was deformed in the buckwheat fed wire-
worms when compared to the barley fed wireworms (Fig. 7).

Fig. 4   Percent mortality (a), 
average body weight (± SE) (b) 
and head capsule size (± SE) (c) 
of neonate larvae after feeding 
on buckwheat and barley roots 
for 120 days. The same letters 
above bars indicate not statisti-
cally significant (P < 0.05)
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To obtain more precise information on the developmen-
tal response of wireworms feeding on buckwheat, a second 
study was initiated with small medium-sized wireworms 
allowed to feed on potato and buckwheat plants for 72 days 
and checked every 10 days as opposed to every 4 weeks, as 
in the previous study. Results showed that wireworm weight 
started to decrease 23 days after feeding on buckwheat, this 
divergence continued and become greater as feeding on 
buckwheat continued resulting in a 25.3% decrease in body 
weight after feeding for 72 days on buckwheat when com-
pared to potatoes (P ≤ 0.05, df = 1) (Fig. 8) However, the 
size of the head capsule showed an initial increase in aver-
age size of 4.2% when feeding on buckwheat as opposed to 
0.9% on potatoes over the first 60 days after which the head 
capsule size of the wireworms feeding on potatoes continued 
to grow and surpassed the buckwheat feeding wireworms 
after day 60 days (P < 0.05, df = 1) (Fig. 8). We also found 
deformed wireworms in our trial with small to medium-sized 
wireworms feeding on buckwheat, primarily because it was 
easier to observe this phenomenon because of the larger 
body size compared to the neonate wireworms (Fig. 9).

Discussion and conclusion

Our study on the effects of buckwheat as a food source on 
wireworms has revealed interesting results. The mechanism 
underlying the effect of buckwheat on wireworm control was 

commonly regarded as a biofumigant or antifeedant (Hawk-
ins 1930; Bohorquez Ruiz et al. 2018). However, this study 
revealed that wireworms were not repelled by buckwheat, 
and in contrast, most of the wireworms chose buckwheat as a 
food source despite having a choice of other acceptable food 
plants such as barley and clover. This information refutes 
the notion that suppression of wireworms found under field 
conditions was due to the repellency and food deprivation 
during the rotation crop year. Bohorquez Ruiz et al. (2018) 
found that wireworms were not deterred from buckwheat 
and no difference was found in host choice between buck-
wheat, barley, and wheat at germinating or flowering stage. 
In this study however, we did see slightly higher numbers 
of wireworms in the buckwheat which although not signifi-
cantly different, suggests that there may be an attraction to 
buckwheat as a food source. The current study was con-
ducted for a longer period which may be the reason why 
we found slightly more wireworms had selected buckwheat 
as their food source. This selection of buckwheat as a food 
source was also observed in our field microplot study with 
neonate larvae. We know from personal observations that 
neonate larvae can move 30 cm in 24 h toward a food source 

Fig. 5   Picture showing the size differece between neonate larvae 
feeding on barley (weight 12 (± 2.7)mg, head capsule (0.95 (± 0.075)
mm) and buckwheat (body weight 4.8 (± 1.86) mg, head capsule 
(0.69 (± 0.12) mm) for 120 days

Fig. 6   Correlation between the weight gained and head capsule 
width of neonate wireworms after feeding on barley or buckwheat for 
120 days
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(unpublished data), making it possible for them to move 
and choose their preferred host. These results indicate that 
buckwheat does not have antifeedant prosperities and may 
be attractive to the wireworms. More detailed studies are 
required to verify this response. In our study, we also found 
wireworms in the bare soil control treatment. Wireworms 
are known to survive in bare soil feeding on organic matter 
in the soil and can survive without a food crop for extended 
periods of time (Evans and Gough 1942). A small percent-
age of wireworms were found to feed on decaying organic 
matter Wallinger et al. (2013). This behaviour may partly 
explain why in our study we found wireworms in the bare 
soil treatment used as a control. It was also difficult to keep 
the infiltration of roots from the crops in the other compart-
ments into the bare soil section or wireworms were attracted 

to the carrot bait because of the low food supply in bare soil. 
These factors may explain why we found wireworms in the 
bare soil treatment.

This study also determines the mechanism of wireworm 
suppression that was observed in field trials. Laboratory- 
based studies used neonate larvae so that all individuals 
were starting to feed at the same larval instar on buck-
wheat and barley plants. Barley is known as a good host 
plant for wireworms and was used as the standard con-
trol. A significant decrease in survival after a period of 
120 days corroborates the suppression of wireworms in 
the field reported by Noronha (2011). Not only did our 
study find a significant reduction in survival but also a 
significant decrease in body size and weight. Nijhout 
(1981) found that under suboptimal nutritional conditions 

Fig. 7   Cumulative mortality, 
body weight and growth of 
small to medium-sized wire-
worms feeding on buckwheat, 
barley, or potatoes over a 
20-week period (N = 60 wire-
worms)
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growth is slower and weight gained is also lower for Man-
duca Sexta. The decrease in body size (weight an head 
capsule size) in this study indicates that buckwheat may 
be of low nutritional value for wireworms or have lower 
absorption qualities having a significant negative impact 
on body weight and size. A high correlation was found 
between body weight and head capsule size in this study. 
The overall head capsule size was significantly smaller 
in the wireworms feeding on buckwheat compared to 
the wireworms feeding on barley. The head capsule is an 
important aspect of insect growth and indicates molting. 
Grunert et al. (2015) found that when given a low-nutrient 
diet the number of larvae instars of Manduca sexta vary, 
with more molts at smaller increments are observed before 
threshold size is reached. They found that a 60% reduction 
in nutrients resulted in greater variability in growth rate 
and an increased number of larval instars. In this study 
when body weight was correlated with the head capsule 

width, we found more incremental levels in head capsule 
size when the wireworm was feeding on buckwheat before 
it reached the smallest head capsule size recorded in wire-
worms feeding on barley. We hypothesize that the phy-
tochemicals found in buckwheat roots may influence the 
growth of wireworms feeding on the roots.

A similar pattern of growth and head capsule size was 
found in the small to medium-sized larvae. It however took 
four weeks before this delay in development to become 
visible. The negative effects on growth may take longer to 
manifest and become visible in larger wireworms because of 
prior feeding on a nutritious host for a significant duration 
of their life cycle before feeding on buckwheat. Bohorquez 
Ruiz et al. (2018) found a difference of 7.79% in the weight 
of medium to large size larvae over a 21-day period. How-
ever, in the present study the average body weight of 60 
medium-sized wireworms increased by 28.7% when feeding 
on buckwheat plants for 23 days which is slightly less than 
the 30.3% found in the ones feeding on potato plant roots. 
This difference might be because of the difference in size 
and initial weight of wireworms used in our study (4 and 
10 mg) compared to (10 or 17 mg) in Bohorquez Ruiz et al. 
(2018) study. In addition, we also found that the effects of 
feeding on buckwheat were more discernible when feeding 
continued beyond 21 days which was the feeding time frame 
used in Bohorquez Ruiz et al. (2018) study. This discrepancy 
may be because, in larger larvae, a longer feeding period on 
food source contains physiology altering phytochemicals is 
required to overcome the benefits of feeding on nutritious 
food during the earlier instars or being larger wireworms 
nearing their maximum size and weight consumption of 
plant roots was reduced. More studies are required with 

Fig. 8   Percent change in a body weight (± SE) and b head capsule (± SE) size every 10 days for small to medium-sized wireworms feeding on 
potato or buckwheat plants (N = 120 wireworms)

Fig. 9   Picture showing the deformed head capsule of a wireworm 
feeding on buckwheat
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larger wireworms to identify these pathways and confirm 
this hypothesis.

In our trial with small to medium-sized wireworms feed-
ing on buckwheat, we observed developmental setbacks 
resulting in larvae being deformed or having difficulty 
molting. Unsuccessful molting when feeding on buckwheat 
indicates the presence of phytochemicals in the roots that 
are capable of inhibiting normal growth. Larval deforma-
tion and inhibition of normal growth results in eventual 
mortality, which would explain why we found 80% mortal-
ity in our trials. The buckwheat seed extract was found to 
have insecticidal activity against Myzus persicae (Lee et al. 
2000), indicating that buckwheat has the potential to have 
detrimental effects on insects. In addition to phytochemi-
cals, a low nutrient diet impacted development and resulted 
in an increased number of molts Grunert et al. (2015). We 
found that within a 13-day period medium-sized wireworms 
feeding on buckwheat molt twice compared to only once 
in the wireworms feeding on potatoes (unpublished data). 
The lower nutritional quality of buckwheat together with 
phytochemicals may be responsible for unsuccessful molting 
leading to lower survival of wireworms feeding on buck-
wheat. Plant secondary metabolites such as alkaloids, terpe-
noids, phenols, glycosides, flavonoids, can have insecticidal 
activities toxicity, repellency, attraction, oviposition, or feed 
deterrence towards insect pests (Koul et al. 2008). These 
defensive phytochemicals may not be produced by the plant 
in large quantities, but toxicity may be the result of a mixture 
of several compounds resulting in synergistic toxicity (Koul 
2016). The mechanism of this synergism involves the ability 
of one compound in the mixture inhibiting the detoxification 
or absorption of others in the insect gut (Singh et al. 2009). 
This type of synergistic phytotoxicity may explain why we 
found reduced survival, weight and growth in wireworms 
feeding on buckwheat. Our results also showed that when 
feeding on buckwheat began earlier in the life cycle, at the 
neonate stage, growth and survival were impacted within 
the first four months but for the medium-sized wireworms 
that had fed on a good food source previously, a longer dura-
tion of feeding on buckwheat was required to see the nega-
tive effects on the development. This would explain why 
decreased damage and numbers of wireworms were found 
after growing buckwheat in the field for one growing season 
(Noronha 2011). Szendrei and Isaacs (2006) found a signifi-
cant decrease in survival of Popillia japonica larvae under 
a buckwheat crop compared to ryegrass. Like wireworms, 
larvae of P. japonica live in the soil and feed on the roots 
and organic matter of plants. The decrease in the population 
of P. japonica suggests that the negative effects of feeding 
on buckwheat on development may not be confined to wire-
worms alone.

In conclusion, we found that buckwheat does not repel 
and may be attractive to wireworms. We also found that 

despite its attractiveness it is not a very nutritious food 
source and results in lower body weight, increased detri-
mental effects on development resulting in lower survival. 
However, we also found that wireworms need to feed for 
an extended period for these detrimental effects to occur 
and that this time may be longer for larger sized larvae. 
These results have serious implications for establishing an 
IPM program to reduce wireworm populations in farmers’ 
fields. When grown as a rotation crop in infested fields, 
wireworms will be feeding on the roots of the crop over 
the entire growing season, planting to harvest. In addition, 
the natural suppression of weeds by buckwheat prevents 
the presence of other good host plant roots. Our results 
show that this continuous feeding on the buckwheat roots 
over the growing season will negatively impact the devel-
opment, growth and survival of wireworms and result in 
a decrease in the wireworm population. Noronha (2011) 
field trials showed that planting buckwheat reduced wire-
worm populations and crop damage in the subsequent year, 
verifying the detrimental effects of buckwheat roots on 
wireworms. In addition to the crop being a food source 
over the entire growing season, the recent practice of 
leaving crop stubble in the field to prevent soil erosion 
will prolong the time for wireworms to feed on viable 
buckwheat roots causing a further reduction in the field 
population.

In our study, the acceptance of buckwheat as a food 
source when given a choice shows that buckwheat does 
not repel wireworms, this information is important as it 
provides an opportunity to study the impact of intercrop-
ping buckwheat on wireworm suppression. Intercropping 
is a suggested strategy to control wireworms in infested 
fields (Vernon et  al. 2017) and the potential for using 
buckwheat in this way would be especially beneficial for 
organic farmers. Further studies to verify the phytochemi-
cals present in the root of buckwheat that are responsi-
ble for decreased wireworm survival in the field and the 
impact of intercropping buckwheat to reduce wireworm 
populations are needed.
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