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Abstract

Hylobius abietis develops in stumps of recently felled coniferous trees, and adults emerge to feed on and kill young seedlings. Entomo-
pathogenic nematodes applied to stumps containing late instar larvae and pupae can reduce the number of adults emerging. We tested the
feasibility of reduced application rate and volume during a broader window of application in field trials in 2004 and 2005. Application at
the standard rate of 3.5 million infective juveniles per stump suppressed the number of adults emerging by up to 79-85% relative to con-
trols for Heterorhabditis downesi, 57-64% for Steinernema carpocapsae and 51-56% for S. feltiae. When the application rate was halved,
only H. downesi gave a significant reduction in emergence (75-79%). Nematodes applied in April, May or June significantly reduced wee-
vil populations, and application of nematode-killed insects in May was as effective as an aqueous suspension. A fourfold reduction in
application volume from 500 to 125 ml per stump did not affect the percentage of weevils parasitized, and stump excavation revealed that
even at the reduced volume, both S. carpocapsae (ambusher) and H. downesi (cruiser) parasitized weevils 40-49 cm from the bole and 40—
49 cm below soil level. A higher percentage of larvae (60%) were infected than either pupae (36%) or callow adults (18%). Our trials show
promise for expanding the use of entomopathogenic nematodes against pine weevil, as the standard application rate can be halved, and
the volume reduced to 25% of the standard without significant loss of efficacy, and there is a wide window of opportunity for application,
even when soil temperatures are as low as 9 °C.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction Nordlander et al., 1986). Females lay their eggs in, or near

the stump (Eidmann, 1974; Nordenhem and Nordlander,

Damage caused to young transplanted coniferous seed-
lings by adults of the large pine weevil, Hylobius abietis (L.)
(Coleoptera:Curculionidae), has earned this insect the repu-
tation as one of the most important pests of reforested sites
in Northern and Eastern Europe (Leather etal.,, 1999;
Langstrom and Day, 2004). Adult weevils are attracted to
clearfelled sites by the volatiles emitted by the stumps
of recently felled coniferous trees (Nordlander, 1987,
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1994; Norlander etal., 1997). Development, within the
stump, from egg to adult takes 12-36 months, but is influ-
enced by a number of factors including felling date, tree
species and temperature (Leather et al., 1999; Moore et al.,
2004). Following emergence, the adults feed on the bark of
young transplants used to restock the clearfelled site. Such
seedlings may remain susceptible to weevil attack for the
first 2-3 years (Petersson et al., 2005). In the absence of
control measures, losses due to adult weevil feeding can
reach up to 100% in restocking sites in the UK, with an
average of 50% in the first few years after establishment
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(Heritage and Moore, 2001). It has been estimated that if
insecticides were not used, losses in Europe due to adult
feeding would be 140 million Euros (175 million USD)
annually (Langstrom and Day, 2004).

Given its economic implications, control of the large pine
weevil is essential for development of sustainable forestry.
Current control measures in the UK and Ireland involve
treatment of seedlings with the pyrethroids cypermethrin or
alpha-cypermethrin before and after planting, but the use of
chemical insecticides raises a number of concerns, both in
terms of environmental and worker safety and efficacy.
Chemical control is not completely effective, as adult H. abie-
tis avoid seedlings treated with certain insecticides and seek
out untreated seedlings (Rose et al., 2005). Although feeding is
depressed in the presence of insecticides, death due to insecti-
cide poisoning may take a number of weeks, during which
time the weevils may continue to damage seedlings (Rose
et al., 2005). As a participant of the sustainable forest manage-
ment (SFM) agreement, the European Union has agreed to
reduce pesticide use when developing forestry. Although a
number of natural enemies have been identified (reviewed by
Kenis et al., 2004), to date only entomopathogenic nematodes
have been employed as biological control agents on a semi-
operational scale as part of an integrated management
program for H. abietis (Evans et al., 2004; Torr et al., 2005).

Entomopathogenic nematodes (EPNs) of the families
Steinernematidaec and Heterorhabditidae (Nematoda:
Rhabditida) are insect parasites that have been successfully
used to control several important insect pests (Grewal et al.,
2005). Their pathogenicity is partly due to their symbiotic
association with bacteria of the genera Xenorhabdus and
Photorhabdus, respectively (Forst et al., 1997).

The free-living infective juveniles (IJs) actively seek out
insects in the soil. The 1Js enter the insect through the natu-
ral openings and, in the case of Heterorhabditis, through the
cuticle. In the insect hemocoel, the 1Js release their symbi-
otic bacteria from their gut, leading to death of the insect.
The nematodes reproduce in the insect cadaver, producing
thousands of fresh 1Js, which emerge from the cadaver 2-3
weeks after infection, once the cadaver resources have been
exhausted. Several species of EPNs are produced in biore-
actors (Shapiro-Ilan et al., 2002; Grewal et al., 2005). The
nematodes are normally applied to the soil in an aqueous
suspension, but application of nematode-killed insects to
the soil has also been successful (Jansson et al., 1993; Jans-
son and Lecrone, 1994; Creighton and Fassuliotis, 1985;
Shapiro-Ilan et al., 2003).

All stages of H. abietis are susceptible to entomopatho-
genic nematodes, though immature weevils are more sus-
ceptible than adults (Pye and Burman, 1978; Collins, 1993;
Brixey, 2000): Following the success of early Swedish trials
using Steinernema carpocapsae (Weiser) (Burman et al.,
1979), research has focused on targeting the sedentary
immature weevils developing in the stumps, with a view to
suppressing the population of adult weevils emerging on a
site. Following small-scale trials (Brixey, 2000), the UK
Forestry Commission instigated large-scale trials using S.

carpocapsae. In 2003, the UK Forestry Commission applied
S. carpocapsae to approximately 200 ha at an application
rate of 3.5 million IJs/stump in a volume of 0.5 liters.
Approximate costs using this system were €160/ha for
application and €1,200/ha for S. carpocapsae (Torr et al.,
2005). In 2005, the area treated was increased to 500 ha, and
total costs fell to €500/ha (S. Heritage pers. comm., 2006).
While S. carpocapsae is widely used in the UK, Dillon et al.
(2006) concluded that with an application rate of 3.5 mil-
lion IJs/stump, population suppression was best achieved
using heterorhabditids, particularly Heterorhabditis dow-
nesi Stock, Griffin & Burnell. Although not commercially
available, H. downesi is the only indigenous heterorhabditid
in the Republic of Ireland, so the use of this EPN is prefera-
ble from an ecological perspective.

As a narrow window of application could make the treat-
ment of large areas impractical, timing of application (April,
May or June) was investigated in the present trials. We also
tried a reduced application rate (1.75 million IJs/stump) and
volume (125-500ml) to reduce costs. Access to large volumes
of water may restrict the feasibility of treating large areas
with nematodes. The effect of carrier volume was investigated
for H. downesi and S. carpocapsae as these species reportedly
display markedly different foraging strategies (cruiser and
ambusher, respectively). Two different application methods
(aqueous suspension and nematode-killed insects) were com-
pared. Although most applications use IJs in an aqueous sus-
pension, these conditions are markedly different to what
occurs in nature, and may in fact cause osmotic stress and
affect nematode survival, infectivity, development and dis-
persal (Perez etal, 2003; Shapiro-llan and Lewis, 1999;
Lewis et al., 2002; Shapiro-Ilan and Glazer, 1996).

The purpose of this study was to find the range of condi-
tions under which EPNSs [S. carpocapsae, S. feltiae (Fili-
pjev) and H. downesi] can be applied to stumps to control
adult H. abietis populations, and reduce costs.

2. Materials and methods
2.1. Experimental sites

Field trials were conducted in 2004 and 2005. The 2004
trial was in Emo Forest in Co. Laois in central Ireland
(N=53° 05" 48", W=007° 12" 22"; elevation 28 m). The
2005 trial was in Donadea Forest, Co. Kildare (N =55° 22’
28", W=006° 46" 52", elevation 64m). Trees (Scots pine,
Pinus sylvestris L.) were felled in December 2002 and 2003,
respectively (16-18 months prior to nematode application).
Soil on both sites was deep peat. Only stumps with a diame-
ter greater than 20 cm were chosen.

2.2. Nematodes

S. carpocapsae All strain (Carponem®) was obtained
from Koppert, Berkel en Rodenrijs, Holland. Nematodes
were supplied on an inert carrier in a wettable powder for-
mulation less than a week before use and stored at 9°C
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until required. On the day of application the product was
suspended in water to the desired concentration of nema-
todes. S. feltiae ACFMO and H. downesi K122 were pro-
duced in late instar larvae of the wax moth Galleria
mellonella (L.) at 20°C (Woodring and Kaya, 1988). S. fel-
tiae ACFMO was isolated from a clear felled site in Mayo,
Ireland where the previous crop had been pine (Dillon,
2003), and H. downesi K122 was recovered from grasslands
in Wexford, Ireland (Stock et al., 2002). Nematode-killed
insects were placed on White traps. IJs were harvested daily
for 3 days from the time of first emergence and harvests
were pooled. Harvested 1Js were washed by sedimentation
in three changes of tap water and stored for up to a week at
9°C. In the trial investigating the effect of timing of nema-
tode application on weevil emergence (Section 2.4), nema-
todes applied on different dates were from separate batches
in order to minimize differences in storage period. In 2004,
storage was in 50ml aliquots (5000 1Js/ml) in 9cm diam.
food containers with snap-on lids. In 2005, nematodes were
bulk stored at 5000-7000 IJs/ml in 5-L bottles (approx 4L
per bottle) with constant aeration. In both years, nema-
todes were transported to the field site in 5-L bottles, which
were continuously shaken to aerate the suspension.

To produce nematode-killed insects for the cadaver
application on May 6th 2005, groups of 50 G. mellonella
larvae were exposed to 200 IJs/larva on filter paper, on
either April 25th (H. downesi), or April 29th (S. carpocap-
sae and S. feltiae) and were incubated at 20 °C. In order to
estimate the number of 1Js produced per cadaver, 100 G.
mellonella from each of the three nematode treatments were
placed on White traps (10 insects per trap) on May 9th and
the 1Js harvested and counted every 3—4 days over the fol-
lowing 16 days. S. carpocapsae began to emerge on May
10th while S. feltiae and H. downesi began to emerge on
May 11th. The number of nematodes per harvest was based
on three replicate counts. Harvests per White traps over 16
days were calculated and emergence per cadaver estimated.

2.3. Effect of nematode application rate on weevil emergence

Each of the three nematode species (S. carpocapsae All
strain, S. feltiae ACFMO and H. downesi K122) was applied
at two rates (3.5 and 1.75 million IJs/stump in 500 ml of
water) in the first week of June. The dry needle litter was
removed and the nematode suspension was poured onto
the soil around the stump in a band approximately 5cm
wide, from where they were expected to move out in search
of available hosts. The litter was then replaced to protect
the nematodes against ultraviolet radiation and desiccation.
The experiments were set out in a randomized block design.
Each block contained 1 replicate (stump) of each nematode
treatment and either 1 (2004) or 3 (2005) untreated control
stumps. Eight (2004) or 10 (2005) blocks were treated.

Stumps were covered with baited insect traps designed to
catch emerging adults. A pyramid of black cotton overlay-
ing a bamboo tripod (i.., a tent) covered each stump (Dil-
lon et al.,, 2006). Insect emergence traps were erected 6

weeks after nematode application and checked 8, 10, 12, 14
and 16 weeks after nematode application. In 2005 traps
were also checked after 18 weeks. At each assessment date,
trapped insects were removed and counted. Based on the
design of the tents, it was likely that their presence could
modified the environment around the stumps (increase tem-
perature and humidity), so to minimize these effects tents
were erected as close to H. abietis adult emergence as possi-
ble (as indicated by destructive sampling of the quarter
stumps 4 weeks after nematode application).

2.4. Effect of timing and method of nematode application on
weevil emergence (2005)

Each of the three nematode species (S. carpocapsae All
strain, S. feltiae ACFMO and H. downesi K122) was applied
both in an aqueous suspension, and as cadavers of nema-
tode-killed G. mellonella. Aqueous suspension was applied
April 11th 2005, May 6th 2005 or June 6th 2005 at the stan-
dard rate and volume (3.5 million [Js/stump in 500ml of
water). Cadavers with nematodes (20 per stump) were
applied at the same time as the May aqueous application. A
May cadaver application was chosen so that EPN emer-
gence would occur while the majority of immature H. abietis
were still in the larval stages. In order to determine the con-
centration of 1Js applied to cadaver-treated stumps, harvests
of 100 G. mellonella cadavers (10 White traps of 10 insects)
used for the field application were counted. The mean emer-
gence per S. carpocapsae, H. downesi and S. feltiae cadaver
was 475426, 363420 and 69 4 8 x 10°, respectively. Based
on the fact that 20 cadavers were applied to each stump,
stumps treated with S. carpocapsae, H. downesi and S. fel-
tiae received 9.5, 7.3 and 1.4 million 1Js, respectively.

The dry needle litter was removed and either the nema-
tode suspension was poured onto the soil around the stump
in a band approximately 5cm wide or the insect cadavers
were scattered around the bole of the stump. The litter was
then replaced. Ten blocks were set out in a randomized
block design, with each block containing 12 nematode-
treated stumps (3 nematode species, 3 application dates, 1
date with 2 formulations) and 3 untreated control stumps.
Adult emergence was assessed as described above for 2005
(Section 2.3). Soil temperature was recorded at a depth of
10cm from before the Ist application date until after the
final assessment in October 2005, using four probes (Star-
log). The temperature probe was placed at a depth of 10cm,
as the majority of immature H. abietis are found less than
8cm below the surface (Brixey, 2000). Temperature was
recorded every 4h and average daily maximum and mini-
mum values calculated. Average minimum and maximum
soil temperatures were 9.1 and 9.8 °C in April 2005, 11.3 and
12.3°C in May 2005 and 16 and 17 °C in June 2005 (Fig. 1).
Data on average daily rainfall were obtained from the near-
est Met Eireann meteorological station (70 and 26 km from
the experimental site in 2004 and 2005, respectively). Aver-
age monthly rainfall remained below 2 mm/day between the
months of April and June in both years.
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Fig. 1. The maximum and minimum temperature (°C) recorded in the upper 10 cm of soil at the field trial site in 2005. Arrows indicate date at which nem-

atodes were applied.

2.5. Effect of application volume on percentage and location
of parasitized weevils

The standard rate (3.5 million 1Js/stump) was applied in
500, 250 or 125 ml of tap water. Two nematode species were
tested: S. carpocapsae All strain and H. downesi K122. An
untreated control was also included in each trial. Nema-
todes were applied to the stumps as described above (Sec-
tion 2.3). The experiment was set out in a randomized block
design, with 1 stump of each treatment. Ten blocks were
treated in each of 2004 and 2005.

Stumps were sampled 4 weeks after nematode applica-
tion. A quarter of each stump was destructively sampled as
described by Dillon et al. (2006). The developmental stage,
whether alive or dead and location of each H. abietis was
recorded. Nematode-induced mortality was determined
based on the color and consistency of the cadaver in the
field. Immature H. abietis killed by Steinernema spp. appear
light brown (fawn), while H. abietis killed by H. downesi
can turn a variety of colors including red, orange and green.
Location was recorded as both vertical distance from the
soil surface (depth) and horizontal distance from the bole
of the stump.

2.6. Statistical analysis

Routine statistics were performed using MINITAB
Release 14 for Windows (Minitab Inc, 2003). Significance
levels were taken at P <0.05. Data were tested for normality
using the Anderson Darling test and, where found to be
non-normal data, were transformed. The numbers of adult
weevils emerging per stump were transformed using the
square root transformation. Data for the percentage of
insects parasitized were transformed using the arcsine
square root transformation. More than two treatments
were compared using General Linear Model ANOVA, fol-
lowed by pairwise comparisons (Tukey’s test; alpha =0.05).
Regression analysis on percentage parasitism at each depth

and distance was performed using the average values
obtained in each year. Regression lines (residual variances,
slope and elevation) were compared using Statistix® 8
(Analytical Software Statistix 8, 2003).

3. Results
3.1. Effect of nematode application rate on weevil emergence

In the absence of any control strategy, an average of 79
H. abietis adults emerged per stump in 2004 (July 19th—
October 10th), and 88 per stump in 2005 (July 13th-Octo-
ber 19th) (Fig. 2). When all treatments (nematode species
and application rates) including the no nematode control
were compared, the number of adults emerging was sig-
nificantly affected by stump treatment and year (P <0.001
and P <0.05, respectively), with no interaction between
the two factors (P>0.05) (Table 1). Application of H.
downesi reduced the number of adult H. abietis emerging
relative to untreated stumps by 75-85%, while S. carpo-
capsae reduced emergence by 18-64%. The number of
adult H. abietis emerging from stumps treated with S. fel-
tiae was reduced by 51-58% relative to the controls.

When only the numbers of adult H. abietis emerging
from nematode treated stumps were compared, year was
significant (P <0.05), as were nematode species and applica-
tion rate (P<0.001 and P<0.05, respectively) (Table 2).
Halving the rate of nematodes applied to stumps resulted in
reduced control; the result of the treatment with S. carpo-
capsae was more affected (P =0.08) than that with H. dow-
nesi (P=0.9) or S. feltiae (P =1.00).

3.2. Effect of timing and method of nematode application on
weevil emergence (2005)

Adult emergence was significantly affected by stump
treatment (1 way ANOVA, F=7.61, df=12, 134,
P<0.001) (Fig.3). All of the nematode treatments (3
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Fig. 2. Number (mean =+ SE) of Hylobius abietis adults emerging per pine stump. Stumps were treated with either 3.5 or 1.75 million infective juveniles (1Js)
in 500 ml of water. Emergence was recorded over a period of 10 weeks in 2004 (6-16 weeks after nematode application) and over 12 weeks in 2005 (6-18
weeks after nematode application). Different letters above a column indicate significant differences between treatments (Tukey at P = 0.05, following
ANOVA, P <0.05). Con, Control; SC, Steinernema carpocapsae; HD, Heterorhabditis downesi and SF, Steinernema feltiae. N =8 stumps in 2004. In 2005,
n = 10 stumps for each nematode treatment and n = 30 for the control treatment.

Table 1
Analysis of variance results for effect of stump treatment and year on
adult Hylobius abietis emergence

df F P
Treatment (3 nematode species, 2 doses and control) 6 16.85 <0.001
Year 1 424 <0.05
Treatment x Year 6 0.58 >0.05
Error 132
Total 145
Table 2

Analysis of variance results for effect of nematode species, application rate
and year on adult Hylobius abietis emergence

df F P

2 15.40 <0.001
1 447 <0.05
Application rate (3.5 or 1.75 x 10° IJs/stump) 1 448 <0.05
Nematode x Year 2 1.23 >0.05
Nematode x Application rate 2 2.07 >0.05

1

2

6

Nematode species (SC, HD, SF)
Year

Year x Application rate 0.67 >0.05
Nematode x YearxApplication rate 0.28 >0.05
Error 9

Total 107

SC, Steinernema carpocapsae; HD, Heterorhabditis downesi; SF = S. feltiae.

species, 3 application dates and 2 formulations) signifi-
cantly reduced the number of adult H. abietis emerging
from stumps relative to the controls (49-79%), except the
April application of S. feltiae (46%). When only nema-
tode-treated stumps were compared, nematode species
significantly affected adult emergence (P <0.001), but
application date and formulation (aqueous vs. cadaver)
did not (P>0.05 and P>0.05, respectively) (Table 3).

Both aqueous and cadaver application were effective
methods of control, though the former would be more
cost effective.

3.3. Effect of application volume on percentage and location
of parasitized weevils

All of the nematode application volumes resulted in the
parasitism of immature H. abietis that were developing in
the stumps (Fig. 4). When stumps were destructively sam-
pled 4 weeks after nematode application, no weevils were
parasitized by nematodes in any of the control stumps in
either the 2004 or 2005 trial. When 3.5 million H. downesi
or S. carpocapsae 1Js were applied to stumps in 500, 250 or
125 ml of water, the percentage of insects parasitized varied
with nematode (P <0.001) and with year (P <0.01), but not
with the volume in which the nematodes were applied
(P>0.05) (Table 4). There was an interaction between vol-
ume and nematode (P <0.05), but not between any of the
other factors (Table 4). The percentage parasitism by H.
downesi tended to decrease as the volume of water
decreased (51-35% in 2004 and 77-49% in 2005), but this
trend was not repeated for S. carpocapsae (Fig. 4).

In order to see whether parasitism by nematodes applied
in lower volumes of water was more restricted to weevils
close to the application zone, we plotted percentage parasit-
ism against depth and distance. As expected, both nema-
todes moved from the zone of application. Percentage
parasitism decreased as distance out from the bole and
depth increased in each of the nematode treatments (Figs.
5A and B). Regression lines for all six treatments were com-
pared. For distance, variances did not differ significantly
between treatments (y’°=3.34, df=5, P>005), and
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Fig. 3. Number (mean & SE) of Hylobius abietis adults emerging per pine stump. Stumps were treated with either 3.5 million infective juveniles in 500 ml of
water (April, May or June aqueous), or with 20 nematode-killed insects (May cadaver). Based on 1J emergence under laboratory conditions at 20 °C Stein-
ernema carpocapsae, Steinernema feltiae and Heterorhabditis downesi cadaver-treated stumps received 9.5, 1.4 and 7.3 x 10° IJs per stump. Emergence was
recorded over a period of 12 weeks in 2005 (6-18 weeks after nematode application). Different letters above a column indicate significant differences
between treatments (Tukey at P = 0.05, following ANOVA, P <0.05). N= 10 stumps for each nematode treatment and n = 30 for the control treatment.

Table 3

Analysis of variance results for effect of nematode species and application
date and formulation of nematode application on adult Hylobius abietis
emergence

df F P

Nematode species (SC, HD, SF) 2 848 <0.001
Application date (April, May or June) 2 029 >0.05
Formulation (aqueous and nematode killed insect) 1 000 >005
Application date x Nematode 4 187 >0.05
Nematode x Formulation 2 190 >0.05
Error 105

Total 116

SC, Steinernema carpocapsae; HD, Heterorhabditis downesi; SF = S. feltiae.

although elevations differed significantly (F=06.59, df=>5,
23, P<0.001), slopes did not (F=0.24; df=5, 18, P>0.05).
The outcome of the analysis by depth was similar: variance
(12 =3.34, df=5, P>0.05); elevation (F=6.51, df=5, 23,
P <0.001) and slope (F=0.20, df =5, 18, P>0.05).

3.4. Population structure in control stumps, and parasitism in
relation to weevil developmental stage

Ten control quarter-stumps were sampled 4 weeks after
nematode application (19 months after felling) and a total
of 283 insects were recovered in 2004 and 362 insects in
2005. In both trials, the majority of the insects (78 and 64%)
were at the pupal stage (Fig. 6). Larvae were all late instar.
Adults were present in both trials, and in 2005 a small num-
ber (4%) had already emerged.

In nematode treated stumps, insect developmental stage
and nematode species both significantly influenced percent-
age parasitism (P <0.001 in each case). There was no inter-

action between the two factors (P>0.05) (Table 5). A
higher percentage of larvae (60%) were infected than either
pupae (36%) or adults (18%) (Fig. 7).

4. Discussion

While the use of biological control agents may be prefer-
able to certain chemicals from an environmental perspec-
tive, a biological control agent will still need to compare
favorably in terms of cost and provide reliable predictable
control in order to be adopted by growers. The only nema-
tode species to significantly reduce adult H. abietis emer-
gence relative to the controls in both years at both
application rates was H. downesi. The reduction at the stan-
dard rate (3.5 million IJs/stump) in 2004 and 2005 (85 and
79%, respectively) was similar to values previously observed
for this species in pine (68-87%) (Dillon et al., 2006). Halv-
ing the rate of nematodes applied to stumps resulted in
reduced control overall, but the result of the treatment with
S. carpocapsae was more affected than that with either H.
downesi or S. feltiae. A decrease in the efficacy of S. carpo-
capsae at a lower rate was observed by Brixey (2000), who
reported that reducing the rate from 3.5 to 1.25 million 1Js/
stump significantly reduced percentage parasitism in pine
(51-32%, respectively), but not in spruce (21-13%).

The success of H. downesi and S. carpocapsae applied to
stumps from April onwards, when minimum daily soil tem-
peratures remained below 9 °C for 9 days following appli-
cation, has profound implications for the feasibility of
treating large areas. It is generally recommended that EPN,
particularly heterorhabditids, should only be applied when
soil temperatures are above 12°C. It had previously been
reported that the window for effective application of
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Fig. 4. Percentage (mean + SE) of Hylobius abietis parasitized by entomopathogenic nematodes (Steinernema carpocapsae and Heterorhabditis downesi) in
each of 2 trials, one per year. Pine stumps were treated with 3.5 million infective juveniles (IJs) in 500, 250 or 125 ml of water. In each trial, quarter stumps
were destructively sampled 4 weeks after application of nematodes. Different letters above a column indicate significant differences between treatments

(Tukey at P =0.05, following ANOVA, P<0.05). N =10 stumps.

Table 4
Analysis of variance results for effect of nematode species, year and appli-
cation volume on parasitism of Hylobius abietis

df F P

Nematode species (SC and HD) 1 39.83 <0.001
Year 1 9.72 <0.01
Volume (in 500, 250 or 125 ml) 2 1.54 >0.05
Nematode x Year 1 1.89 >0.05
Nematode x Volume 2 3.20 <0.05
Year x Volume 2 0.46 >0.05
Nematode x Year x Volume 2 0.39 >0.05
Error 104

Total 115

SC, Steinernema carpocapsae; HD, Heterorhabditis downesi.

S. carpocapsae against H. abietis in pine stumps was
between mid May and early July (Torr et al., 2005). While
some of the insects may have been infected at 9 °C, at least
by H. downesi K122 (Griffin and Downes, 1991), it is proba-
ble that most became infected and died only after soil tem-
peratures had increased. The April application of S. feltiae
was the only treatment that did not significantly reduce H.
abietis emergence.

The reduced numbers of H. abietis emerging from
cadaver treated stumps (53-76%) demonstrate that buried
insects can be successfully used to control H. abietis, as has
been shown for a number of other insect pests (Creighton
and Fassuliotis, 1985; Jansson et al., 1993; Jansson and
Lecrone, 1994). Nematodes were applied in cadavers, as
this mechanism allows for the slow release of the nema-
todes over time, nematodes emerging directly into the soil
may be of superior quality compare to those applied in an
aqueous suspension (Perez et al., 2003; Shapiro-Ilan and
Lewis, 1999; Shapiro-Ilan and Glazer, 1996), and the
cadaver may afford the IJs some protection from environ-

mental conditions, as nematodes remain in the cadaver
until local conditions become suitable (Koppenhofer et al.,
1997; Brown and Gaugler, 1997). As the cadavers were
applied prior to emergence, we could not know in advance
exactly the number of 1Js that would emerge under natural
conditions due to batch variation. Preliminary laboratory
experiments ensured that emergence from the cadavers was
in the same order of magnitude as the aqueous application,
as confirmed in the post hoc estimates. Based on the IJ
emergence counts from laboratory-incubated cadavers,
stumps treated with H. downesi, S. carpocapsae and S. fel-
tiae nematode killed insects received 7.3, 9.5 and 1.4 million
1Js, respectively, compared to the aqueous application rate
of 3.5 million IJs/stump. Values estimated from 20 °C-incu-
bated cadavers may overestimate the numbers that
emerged in the field where average daily soil minimum and
maximum temperature in May 2005 were 9.1 and 9.8°C,
respectively, with maximum soil temperature remaining
below 15°C for more than 3 weeks following cadaver appli-
cation. Exposure to low temperatures (including 15°C) can
reduce or delay emergence of entomopathogenic nema-
todes (Brown and Gaugler, 1997), and predation on nema-
tode-killed insects may also have reduced 1J emergence in
the field (Baur et al., 1998). For S. feltiae the estimated
cadaver application rate (1.4 million IJs/stump), was lower
than in the aqueous suspension (3.5 million 1Js/stump), but
results from the experiments investigating the effect of
application rate indicated that halving the rate of S. feltiae
did not reduce the level of control. For H. downesi and S.
carpocapsae, the estimated cadaver application rate was
higher than aqueous suspension rate. If not an overestimate
(as discussed above), this may either indicate that the
cadaver-nematodes were of inferior quality, which is
unlikely (Perez et al., 2003), or that an increased number of
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Fig. 5. Effect of horizontal distance from the bole of the stump (A) and depth (B) on the percentage of Hylobius abietis parasitized by Steinernema carpo-
capsae and Heterorhabditis downesi when pine stumps were treated with 3.5 million infective juveniles (IJs) in 500, 250 or 125 ml of water. Data based on

average across 2 years. SC = S. carpocapsae, HD = H. downesi.
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Fig. 6. Population structure of Hylobius abietis (as a percentage of the
total number of insects found) in pine quarter stumps at the time of
destructive assessment in July 2004 and 2005 (19 months after felling). The
number above each column is the total number of insects in the stage.
Data are for control stumps that did not receive nematodes.

Table 5
Analysis of variance results for effect of nematode species and Hylobius
abietis developmental stage on H. abietis parasitism

df F P
Nematode (SC and HD) 1 13.39 <0.001
Developmental stage (larvae, pupae, adults) 2 44.39 <0.001
Nematode x Developmental stage 2 1.37 >0.05
Error 309
Total 314

SC, Steinernema carpocapsae; HD, Heterorhabditis downesi.

nematodes above the standard 3.5 x 10° rate does not give
improved control. Although buried cadavers can be suc-
cessfully used to control H. abietis, it is unlikely that this
method will ever be used in commercial forestry in Europe
due to the high labor costs associated with the production
of nematodes in insects.

Species of entomopathogenic nematode are reported to
display differing foraging strategies, on a continuum from
extreme ambush foragers to extreme cruisers (Campbell
and Gaugler, 1997; Grewal et al., 1994; Lewis et al., 1992).
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% insects parasitized

larvae pupae adults

Fig. 7. Percentage (mean + SE) of each developmental stage of Hylobius
abietis parasitized by entomopathogenic nematodes. Pine stumps were
destructively sampled 4 weeks after application of 3.5 million nematode
infective juveniles/stump. Different letters above a column indicate signifi-
cant differences between stages (Tukey at P =0.05, following ANOVA,
P <0.05). Data for Heterorhabditis downesi and Steinernema carpocapsae
in 2004 and 2005 combined.

Steinernema carpocapsae is described as a classic ambush
forager, and laboratory and field studies have demon-
strated that IJs of this species occur on or near the soil sur-
face (Campbell et al.,, 1996), and are poorly adapted to
moving through the soil in search of subterranean seden-
tary insects (Ferguson et al., 1995; van Tol et al., 1998; Gau-
gler etal., 1997). Nevertheless, S. carpocapsae has been
shown to parasitize subterranean insects. S. carpocapsae
infected H. abietis have been recovered up to a depth 30cm
and a distance of 70cm from where the nematode was
applied (Dillon et al., 2006; Brixey et al., 2006) and Dillon
et al. (2006) concluded that either the distinction between
ambusher and cruiser is overemphasized, or that nematodes
may have been passively carried along the “routeways”
supplied by the stump. The volume of water in which the
nematodes were applied was reduced up to fourfold in the
present trials reducing the probability that the nematodes
were passively carried along the roots. As average monthly
rainfall over the duration of the experiments remained
below 2 mm per day, we do not expect rainfall alone to have
resulted in the dispersal of EPN from the zone of applica-
tion. Although overall, fewer weevils were parasitized by S.
carpocapsae than by the cruiser nematode, H. downesi, the
rate at which parasitism declined with distance and depth
did not differ between species. The fact that infected weevils
were again recovered up to 49cm out from the zone of
application and 49 cm below the soil surface, even when S.
carpocapsae was applied in a very small volume of water,
suggests either that nematodes disperse actively, or that the
volume of water in which the nematodes are applied is not
important if rainfall is adequate.

The practice of dipping seedlings in alpha-cypermethrin
prior to planting, followed by a single post planting appli-
cation of alpha-cypermethrin, currently costs €170-260/ha
based on an average restocking density of 2500 seedlings/
ha. As chemical protection is not 100% effective, restocking
a site following weevil damage is common practice and
once these restocking costs are taken into account, the cost

of chemical control rises to €430-860 ha (Willoughby et al.,
2004). In 2005, the Forestry Commission UK applied S.
carpocapsae to approximately 500 ha at a concentration of
3.5 million IJs/stump and a cost of €500/ha (S. Heritage
pers. comm., 2006). Although H. downesi is not currently
commercially produced, if costs were similar to those of H.
bacteriophora or S. carpocapsae (€700 per 5 billion 1Js, E-
nema 2006), then the nematodes required for an application
of 1.75 million IJs/stump would cost in the region of €200/
ha (based on final felling density of 800 stumps/ha). Includ-
ing application costs of €160/ha (Torr et al., 2005), it could
be possible to manage H. abietis for as little as €360/ha,
which compares favorably with current chemical insecti-
cides.

5. Conclusion

Two basic elements are necessary for nematodes to be
successful: a suitable nematode for the target pest and
favorable economics (Shapiro-Ilan et al., 2002). We demon-
strate that population suppression of H. abietis using
entomopathogenic nematodes is a viable option. Nema-
todes can be applied as early as April (16 months after fell-
ing), when average soil temperatures are approximately
9°C; and they can be applied as an aqueous suspension or
as infected insect cadavers. H. downesi was the only species
to give consistent control even when application rate was
halved to 1.75 million IJs/stump, reinforcing the conclusion
of our previous trials (Dillon et al., 2006) that this is the
most appropriate species for use against H. abietis. If H.
downesi can be commercially produced at costs similar to
H. bacteriophora, and applied at a rate of 1.75 million IJs
per stump, then it may offer an affordable alternative to the
current chemical insecticide regime.
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