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Abstract

The potential role of diseases in generating population cycles has often been advocated but has received little experimental sup-
port from the Weld. We introduced a nucleopolyhedrovirus (NeabNPV) into Weld populations of Neodiprion abietis (Harris), the bal-
sam Wr sawXy, to determine its role in the collapse of outbreaks and examine its potential for biological control. This was
accomplished through the use of aerial applications of NeabNPV on increasing, peaking, and declining populations of its host.
Results indicate that N. abietis densities were distinctly lower in the generation following an aerial application of NeabNPV, but only
when treatments were directed against increasing or peaking populations. When directed against declining populations, NeabNPV
applications apparently did not inXuence the natural collapse of outbreaks. Although the artiWcial introduction of NeabNPV did not
consistently aVect densities of the treated generation, it had an eVect on host biology in the weeks following the treatment as the inci-
dence of NeabNPV infection increased and frass production (concomitant with larval feeding) decreased in treated areas. This study
supports the hypothesis that NeabNPV  epizootics initiate the decline of N. abietis populations. Our results also indicate that
NeabNPV may provide an eVective tactic to suppress increasing or peaking population outbreaks of N. abietis through the use of
aerial applications of NeabNPV at rates as low as 1£ 109 polyhedral occlusion bodies per hectare.
Crown copyright   2005 Published by Elsevier Inc. All rights reserved.
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1. Introduction

Baculoviruses are double-stranded DNA viruses with
circular genomes (Mayo and Pringle, 1998) ranging in
size from just under 82 to 180 kb (Herniou et al., 2003;
Lauzon et al., 2004). Baculoviruses have been reported
exclusively from arthropods and have been successfully
recovered and genome sequenced only from Diptera,
Hymenoptera, and Lepidoptera (Herniou et al., 2004).
Currently, the family Baculoviridae is divided into two
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diverse genera, Granulovirus (GV) and Nucleopolyhedro-
virus (NPV). NPVs can be transmitted horizontally
through ingestion of virions, occluded in proteinaceous
occlusion bodies (OBs), by a suitable host. SawXy NPVs
are only known to infect the midgut epithelium so that,
following viral replication, infected midgut cells contain-
ing OBs are sloughed oV into the frass and out of the
body where they can infect other host insects (Federici,
1997). Death normally occurs within one week (Federici,
1997) and, during that time, the hosts produce infective
units of the disease. This combined with the gregarious
nature of many sawXy species can lead to rapid horizon-
tal transmission of the disease within populations.
ier Inc. All rights reserved.
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Natural epizootics of baculoviruses have been
reported in declining populations of several defoliators
that exhibit cyclical population Xuctuations (e.g., Camp-
bell, 1963; Myers, 2000; Olofsson, 1987; Tanada, 1976).
There has been a considerable amount of theoretical
work on the possible involvement of baculoviruses in the
population dynamics of forest insects (e.g., Anderson
and May, 1980, 1981; Briggs and Godfray, 1995; Dwyer
et al., 2004; McCallum et al., 2001; Myers, 1988). Con-
versely, few manipulative Weld experiments have been
carried out to verify experimentally the assumptions and
inferences on the role of baculoviruses drawn from mod-
els and from the analysis of population studies. To the
best of our knowledge, the potential of baculoviruses to
induce the collapse of populations at diVerent stages of
an outbreak cycle has never been examined at a popula-
tion level.

As a case study of the role of pathogens in the decline
of forest insect populations, we used the NeabNPV-Neo-
diprion abietis (Harris) (balsam Wr sawXy; Hymenoptera:
Diprionidae) system in managed balsam Wr (Abies balsa-
mea [L.] Mill.) forests of western Newfoundland, Can-
ada. Based on defoliation data, N. abietis populations
appear to cycle at 5–15-year intervals in that area
(Anonymous, 1943–1996). Several authors have reported
the occurrence of epizootics of a NPV (NeabNPV) in
populations of N. abietis but have provided no data con-
cerning its impact on sawXy populations (Brown, 1951;
Carroll, 1962; Cumming, 1954; Martineau, 1985; Stru-
ble, 1957). More recently, ecological studies of N. abietis
(Moreau, 2004; Moreau et al., unpublished) have high-
lighted that, among all the factors aVecting the dynamics
of this insect, NeabNPV was the only one that consis-
tently exhibited lag-density dependence and contributed
to high mortality associated with the decline of popula-
tions. Although N. abietis defoliation does not generally
result in widespread tree mortality, it does cause exten-
sive growth loss (Parsons et al., 2003; Piene et al., 2001)
and leaves the tree more sensitive to damage by other
defoliators (Cunningham, 1984). No method is currently
available to suppress epidemic populations of this forest
insect.

In this study, we tested the hypothesis that NeabNPV
epizootics initiate the decline of N. abietis populations by
increasing the incidence of NeabNPV infection in Weld
populations through aerial applications of an isolate that
originated from the same area. Applications were carried
out over a number of years to comply with requirements
of the Pest Management Regulatory Agency of Health
Canada (Anonymous, 2001) and to enhance the proba-
bility of targeting diVerent phases of an outbreak.
Because the eVects of an NPV may extend beyond the
year of application (Otvos et al., 1987), populations were
sampled in the year following application, in addition to
the pre- and post-application sampling. This study also
represented an opportunity to examine the potential of
NeabNPV for biological control of N. abietis. Attempts
to use NPVs to artiWcially suppress sawXy populations
have often met with success and at application rates one
or two orders below those used to control Lepidoptera
with NPVs (see reviews by Cunningham and Kaupp,
1995; Wallace and Cunningham, 1995). SawXy NPVs,
however, are highly host speciWc and, for biological con-
trol, it has been necessary to develop a speciWc NPV for
each host species of pest sawXy.

2. Materials and methods

2.1. Neodiprion abietis life cycle

In western Newfoundland, female sawXies deposit
their eggs into current-year foliage and occasionally, into
foliage of the previous year in late September/early
October (Carroll, 1962). Eggs hatch in late June/mid-
July and larvae begin to feed gregariously on the surface
of needles. Larvae generally eat all but current-year
foliage of balsam Wr (Moreau et al., 2003; Parsons et al.,
2003). Male larvae have Wve instars and complete their
development within 30 days, whereas females can have
Wve or six instars and complete their development within
a period of about 35 days (Carroll, 1962). Last-instar lar-
vae spin a cocoon directly on the foliage, pupate inside
it, and emerge as adults 2–3 weeks later.

2.2. NeabNPV puriWcation

NeabNPV was isolated in 1997 from N. abietis larvae
collected between Stephenville (lat 48°32�N, long
58°33�W) and Corner Brook. To purify the virus,
infected insects that had been stored frozen at ¡20 °C
were thawed and homogenized in Wve volumes of a 0.3%
sodium dodecyl sulfate (SDS) solution using a hand-held
blender. The homogenate was stirred for 60 min, Wltered
through a plastic screen (1-mm2 mesh), and the Wltrate
was set aside. The solids from the mesh were re-sus-
pended in 0.3% SDS, homogenized, Wltered, and the
Wltrate was set aside. This process was repeated until the
Wltrate Xowed clear. The Wltrates were then pooled,
Wltered twice through eight layers of cheesecloth, and
centrifuged for 15 min at 9000g. The supernatant was
discarded and the NeabNPV OB pellet was re-suspended
in 0.3% SDS. Centrifugation and re-suspension were
repeated until a clear supernatant was obtained. The
NeabNPV OB pellet was then re-suspended in water.

As NeabNPV OBs are too small (0.5–1.0 �m) to be
counted with a hemocytometer, a proportional counting
method adapted from Wigley (1980) was used to quan-
tify OB concentration. A suspension of latex beads
(2.97 �m diameter, SD 0.04, Sigma Chemical #LB-30)
was diluted in series and quantitated on a Hausser Hy-
Lite counting chamber (Hausser ScientiWc, Blue Bell,
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PA). Serial dilutions of the NeabNPV stock were also
prepared. Ten microliters of a mixture containing 50�L
of a suspension of beads at 3£ 107 beads/mL plus 50�L
of an unknown suspension of NeabNPV OBs and
100 �L of 1% bovine serum albumin were spread on
microscope slides and allowed to dry. Beads and OBs
from 50 Welds of view on each of four slides were
counted under the 100£ oil lens of a microscope. The
concentration of OBs was determined as a proportion of
the number of latex beads counted. This process was
repeated with diVerent dilutions of the NeabNPV dilu-
tion series. Once the mean concentration of OBs was
obtained, the volume of the NeabNPV stock suspension
was adjusted to a concentration of 4£ 109 OBs/mL. Nea-
bNPV suspensions were stored in water at 4 °C to inhibit
the growth of contaminating bacteria. Suspensions were
generally used in the 5 months following the
preparation.

2.3. NeabNPV ampliWcation

In 1998, NeabNPV was ampliWed by applying puri-
Wed virus (from 1997) to branches used to feed N. abietis
larvae in 40-L vented plastic containers. NeabNPV was
then puriWed from these sawXies by the method
described in Section 2.2. From 1999 to 2002, NeabNPV
was ampliWed by aerially applying puriWed NeabNPV to
balsam Wr stands supporting high-density populations of
N. abietis (as per Section 2.5). Stands used as NeabNPV
production sites were distinct from blocks used in Weld
trials (Sections 2.4 and 2.5). Collections of larvae for
NeabNPV ampliWcation (to be distinguished from col-
lection of larvae for monitoring of populations) began
about 7 days after application. Larvae of N. abietis were
collected by beating each individual tree from mid- to
lower-crown with plastic leaf rakes. All fallen debris was
captured on a tarpaulin placed beneath the trees. The
debris was poured into 0.0255-m3 brown, paper bags.
Three 30-cm branch tips of fresh balsam Wr foliage were
added to each bag. To ensure high infection rates in lar-
vae and maximize the yield in NeabNPV OBs, 3 mL of
NeabNPV OBs suspended in water (1£ 107 OBs/mL)
was misted onto the foliage of each bag. The bag tops
were folded over, stapled shut, and kept at ambient labo-
ratory temperatures (18–20 °C) until larval death or
pupation. Dead larvae were hand-picked from the nee-
dles, placed into 50-mL centrifuge tubes, and kept frozen
at ¡20 °C until NeabNPV puriWcation (Section 2.2).

2.4. Field sites

For Weld trials of NeabNPV, Wve control blocks and
seven treated blocks were selected in the area surround-
ing the city of Corner Brook (lat 48°57�N, long
57°57�W) on the west coast of Newfoundland, Canada
(Fig. 1; Table 1). For each of the 3 years of Weld trials,
variable numbers of blocks were set in accessible areas
with N. abietis densities greater than 150 eggs/m2 of
foliage, based on surveys carried out by the Newfound-
land Department of Natural Resources each winter.
Block size was determined as a function of the amount
of NeabNPV suspension produced through ampliWca-
tion (Section 2.3). Control blocks were in the same gen-
eral area as spray blocks but at least 1 km away to avoid
any drift from spray operations. Blocks were dominated
by naturally regenerated, precommercially thinned bal-
sam Wr stands that also contained some black spruce
(Picea mariana [Mill.] B.S.P.) and white spruce (Picea
glauca [Moench] Voss). Trees were 25–35 years old, 7.5 m
tall on average, and grew at densities of 1900–
2600 stems/ha. Thinning operations had been carried out
more than ten years previously and the canopy was clos-
ing in all sites. According to indices in Meades and
Moores (1994), blocks corresponded to typical balsam
Wr forests found within the Corner Brook subregion of
the western Newfoundland ecoregion.
Fig. 1. Map of Newfoundland, Canada identifying the study area. Blocks are designated as A (00-T1), B (00-T2), C (00-T3), D (00-C1), E (00-C2), F
(01-T1), G (01-C1), H (02-T1), I (02-T2), J (02-T3), K (02-C1), and L (02-C2) (see Table 1). White and black circles represent treated and control
blocks, respectively.
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Sample lines of 100 m were established close to the
center of each block and away from block edges. As the
reduction of population density associated with spray
treatments increases the variance associated with den-
sity, one sample line was laid in each control block and
three lines were laid in each treated block to maintain
the accuracy of density estimates. One circular plot
(»5 m in diameter) was established every 10 m along
each sample line, for a total of 10 adjoining plots per
line. Three balsam Wr trees were selected in each plot
(hereafter refer to as sample trees).

2.5. Field trials

Parameters of aerial spray applications during 2000,
2001, and 2002 are detailed in Table 1. Note that the
treatment of some blocks was completed in two succes-
sive spray sessions. In all Weld trials, NeabNPV was
applied in a 20% aqueous solution of molasses from Ces-
sna 188 “Ag Truck” airplanes equipped with four under-
wing Micronair AU4000 atomizers. Micronair atomizers
were set at a speed of 6000 rpm to target a spray droplet
diameter of 80�m. To reduce unwanted bacterial propa-
gation, NeabNPV suspensions were added to the hopper
on the aircraft containing the solution of molasses
immediately prior to aircraft take-oV for the spray site.
To permit the monitoring of spray deposit on Krome-
kote cards and the foliage, FD&C blue #1 dye, 0.075%
(Werner Jenkinson, Kingston, ON) was added to the
Wnal spray solution. The average application rate was 1–
3£ 109 OBs/ha in a volume of 2.5–3.0 L/ha (ULV). Air-
planes Xew at a speed of 177 km/h, with a track spacing
of 23–25 m and a track Xow rate of 17.5–20.0 L/min.
Parameters of spray applications were determined from
available literature on aerial applications to forests
(reviewed in Entwistle et al., 1990; Payne, 2000).
In all blocks, spray deposit was monitored by using
white Kromekote cards (10£ 10 cm). One card was laid
out in the center of each plot just before the aerial spray.
After the spray treatment, the cards were brought back
to the laboratory and the number of droplets that landed
on Wve randomly selected areas (1 cm2) on each card was
determined. In addition, foliage was gently collected
from the mid-crown of each sample tree 1 h after the
spray in blocks 01-T1, 02-T2 (but not from line 2 in
block 02-T2) and 02-T3 to compare foliar spray deposit
with deposit on Kromekote cards. Eight shoots per tree
(four shoots of current-year foliage, four shoots of 1-
year-old foliage) were brought back to the laboratory
and 10 needles per shoot were pressed between two glass
microscope slides (25£ 75£ 1 mm). A compound micro-
scope was used to determine the number of droplets on
the adaxial (i.e., upper) surface of each needle.

2.6. Monitoring of populations

To monitor N. abietis densities, mid-crown branch
tips (45-cm) were taken using a set of pole pruners from
each sample tree within each treated and control block
(i) prior to NeabNPV application, (ii) each week after
NeabNPV application until pupation, and (iii) from the
egg stage to the third instar of the subsequent generation
in the year following the application. All 30 sample trees
in a line were consistently sampled at every collection in
a block. Collections in the year following the application
began 1–3 weeks before balsam Wr budburst. The num-
bers of live eggs, larvae, and cocoons present on treated
and control branches were recorded. To express N. abie-
tis density in terms of surface area of foliage, the branch
surface area (foliated and defoliated) was estimated by
multiplying the length (45 cm) and average width of
branches. To assess the eVect of spray treatments on
Table 1
Summary of 2000–2002 aerial spray application parameters for NeabNPV, Newfoundland

a Mean § SEM.
b “nd” indicates that deposit on foliage was not determined.

Block Latitude Longitude Area sprayed 
(ha)

Timing of operation(s) Temperature 
(°C)

RH (%) Deposit on cards 
(droplets/cm2)a

Deposit on foliage 
(droplets/needle)a,b

A 00-T1 48°45�30.3�N 58°4�37.2�W 17.4 July 23 2000 06:10–06:25 10.0 100 3.04§ 2.87 nd
B 00-T2 48°45�55.5�N 58°3�13.1�W 16.9 July 22 2000 21:20–21:30 11.0–13.0 90 10.04§ 8.62 nd

July 23 2000 05:55–06:08 9.5–10.0 100 8.54§ 5.92 nd
C 00-T3 48°46�47.6�N 58°2�4.2�W 46.9 July 22 2000 20:45–21:18 14.0–15.0 88–90 26.98§ 15.18 nd
D 00-C1 48°46�2.6�N 58°0�17.5�W — — — — 0.00§ 0.00 nd
E 00-C2 48°47�7.1�N 58°2�3.5�W — — — – 0.00§ 0.00 nd
F 01-T1 48°51�9.4�N 57°59�14.0�W 50.0 July 21 2001 06:15–06:50 12.9 72–77 3.91§ 4.37 0.70 § 1.82
G 01-C1 48°51�18.8�N 57°58�23.5�W — — — – 0.00§ 0.00 nd
H 02-T1 49°3�23.3�N 57°51�45.6�W 2093.0 July 24 2002 19:50–20:40 13.3–16.4 65–83 7.93§ 9.82 nd

July 25 2002 07:35–08:25 6.5–10.5 97–100 7.58§ 8.57 nd
I 02-T2 48°53�18.4�N 58°4�49.4�W 2594.0 July 21 2002 19:15–20:00 15.6–19.0 41–50 6.81§ 6.39 0.18 § 0.84

July 22 2002 09:20–10:15 15.2–16.8 71–73 1.67§ 4.67 0.14 § 0.60
J 02-T3 48°52�13.0�N 57°52�55.9�W 313.0 July 22 2002 06:30–07:40 14.1 64–71 10.39§ 7.89 0.26 § 0.96
K 02-C1 48°53�12.2�N 57°53�31.5�W — — — — 0.00§ 0.00 nd
L 02-C2 48°49�56.6�N 58°3�54.7�W — — — — 0.00§ 0.00 nd
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NeabNPV infection, Wfty individuals per block per larval
collection in the year of the application were selected
randomly, individually placed in 1.5-mL microcentrifuge
tubes, and stored at ¡20 °C for probing (Section 2.7).
The head capsules of a randomly selected subsample of
100 larvae per sample line per collection were measured
under a compound microscope. Head capsule measure-
ments were then compared with those of Carroll (1962)
to determine the mean larval instar.

To assess the eVect of spray treatments on frass pro-
duction, frass collectors were laid in a limited number of
stands (01-C1, 01-T1, 02-C1, 02-C2, 02-T2, and 02-T3).
Ten frass collectors were laid out along sample lines 1
week before the NeabNPV application. Frass collectors
consisted of a 50-cm (diameter) plastic funnel with a
plastic collection jar attached at the bottom. To avoid
water accumulation, the bottom of the collection jars
was replaced with a 1-mm2 mesh screen. Although rain
may have removed some frass, this should not aVect our
analysis because comparisons are made between control
and nearby treated stands, which should have received
the same amount of rainfall. Frass collectors were emp-
tied each week and were removed when the insects
reached the cocoon stage. The monitoring of frass pro-
duction was carried out only during the year of the spray
application. Collected frass was brought back to the lab-
oratory, oven dried, sorted to remove insects and other
coarse debris, and weighed.

2.7. Probing

To detect NeabNPV infection in frozen specimens,
molecular probing was carried out using Renaissance
(Perkin-Elmer Life Sciences, Boston, MA, USA) labeling
and detection kits. The probe was made from seven
NeabNPV DNA/EcoR1 cloned fragments (3.5–5.5 kb),
labeled using the Renaissance Random Primer Fluores-
cein Labeling Kit which produces labeled DNA probes
that are typically between 300 and 600 bases. This kit
incorporates Fluorescein-N6-dATP as it synthesizes
DNA using the NeabNPV/EcoRI fragments as template.

Specimens to be probed were thawed and individually
homogenized using sterile plastic pestles in micro-centri-
fuge tubes with a small volume of sterile water approxi-
mating the volume of the insect. A 3-�L aliquot of every
insect sample was blotted onto Biodyne A nylon mem-
branes, 0.45�m (Pall, Gelman Laboratory). A positive
control, either puriWed NeabNPV DNA or NeabNPV
OBs, was also applied to each membrane. Control mem-
branes spotted with infected and uninfected N. abietis and
serial dilutions of NeabNPV OBs in concentrations rang-
ing from 5£101 to 5£106 were also probed. The insects
used as positive and negative controls were homogenized
in sterile water and centrifuged for 5min at 16,000g to
concentrate the virus. The resulting pellet was examined
under microscope for the presence of NeabNPV OBs.
The membranes were soaked with a denaturing solu-
tion (0.5N NaOH, 1.5 M NaCl) and incubated for 30 min
at 65°C to dissolve the OBs, and release and denature the
target DNA from the samples. The membranes were then
neutralized (1.5M NaCl, 0.5 M Tris, pH 7.0) for 1min at
room temperature, soaked in 10£ SSC for 5 min and
allowed to dry on Wlter paper. The membranes were
exposed to 125mJ of UV radiation in a UV linker to bind
the DNA to the membrane. The hybridization was
accomplished by incubating the membranes at 65°C for
18 h in hybridization solution containing the labeled
probe. High stringency washes then removed the excess
probe and probe bound to non-speciWc targets. The prob-
ing and detection were accomplished according to the
Renaissance detection protocol. The results were recorded
on Kodak BioMax ML Wlm. The lower detection limit for
probing was 5£103 OBs, which implies that only speci-
mens that had replicated the virus were detected.

2.8. Statistical analysis

Pearson correlations were performed to compare
deposits on cards and on the foliage of adjacent trees. To
examine the eVects of spray treatments on frass produc-
tion, statistical analyses were performed using a mixed-
model ANOVA for a split-plot design. Blocks corre-
spond to pairs of adjacent treated and control blocks
(01-C1/01-T1, 02-C1/02-T3, 02-C2/02-T2). The variable
“spray treatment” is included as a Wxed eVect, “block” as
a random eVect, and “time” as a covariate. Data from
the same pairs of stands were used to perform a multiple
regression to examine the eVect of time and spray treat-
ments on the incidence of NeabNPV infection. The rate
of change in unsprayed populations from spray year to
subsequent year was determined by subtracting the loga-
rithm of the mean pre-spray densities in control blocks
in the year of the spray (t) from the logarithm of the
mean density at the same instar in the subsequent year
(t + 1) in the same blocks. Based on contemporary stud-
ies of N. abietis outbreak populations carried out in the
same area (Moreau, 2004), positive values of rate of
change (R 7 0.5) indicate that populations are increas-
ing, negative values (R 6¡0.5) indicate population
decline, and values close to zero (¡0.5 < R < 0.5) indicate
that populations are peaking. To determine the eVects of
spray treatments on: (i) population decline in the week
following the aerial spray and (ii) population density in
the early stages of larval development (i.e., egg to third-
instar larvae) the year following the aerial spray, we
compared slopes and intercepts of logistic regressions
between population density and time (in days) (Das-
gupta and Chen, 2002). Instar and infection estimates
were block speciWc, frass and deposit estimates were plot
speciWc, and density estimates were branch speciWc.
Residuals were examined to ensure that postulates of
parametric analyses were respected.
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3. Results

3.1. Spray deposit

The average spray deposit on cards and foliage is
shown in Table 1. Monitoring of spray deposit on cards
and foliage indicated that deposit occurred in all the
plots within the spray blocks. In spray blocks, deposits
on cards and on the foliage of adjacent trees were corre-
lated (nD 20 in 02-T2; nD30 in 01-T1 and 02-T3;
0.57 7 r 7 0.48; P < 0.01).

3.2. EVects of aerial applications on host biology

Analyses carried out using time (Julian date) or larval
instar as an independent variable generated the same
results because of the strong correlation between both
variables (nD 0.24; rD 0.96; P < 0.01) (Fig. 2A). Thus, for
simplicity, calculations using instar are not presented.

A multiple regression indicated that the combined
eVect of time and spray treatments explained 87% of the
variation in NeabNPV infection in the weeks following
the spray treatment (ln{NeabNPV infection}D 1.3018
{spray treatment}¡0.1797{Julian date} + 0.0009{Julian
date2}; spray treatmentD1 in treated blocks and spray
treatmentD0 in control blocks; r2D0.87; F3,21D54.71;
P<0.01) (Fig. 2B). This regression shows that the incidence
of naturally occurring NeabNPV infection increased with
time in control blocks but increased more rapidly with
time and reached higher levels in treated than in control
blocks (t21D3.43; P < 0.01) (Fig. 2B). In the same period,
frass production increased with time (nD0.24; rD0.70;
P < 0.01) (Fig. 2C), but spray treatments induced a 31%
reduction in frass production (mean amount of frass in
collectors per day§SEM: control D 752.6§134.3 mg;
treated D 496.9§57.7 mg; F1,2D44.48, PD0.02).

3.3. EVects of aerial applications on populations density

Data gathered in control blocks indicated that the
respective populations in Weld trials were increasing in
2000 (positive rate of change; RD 0.903), peaking in
2001 (rate of change close to zero; RD 0.031), and rap-
idly declining in 2002 (negative rate of change;
RD¡1.434) at the time sprays were conducted (Fig. 3).
Although some diVerences in the speed of population
decline following the aerial spray were detected between
treated and control blocks in each trial, results were not
consistent, with treated populations sometimes declining
faster (Blocks 00-T2 and 02-T2; �2 7 5.41; dfD1;
P 6 0.02), at the same speed (Blocks 00-T1, 00-T3, 02-
T1, and 02-T3; �2 6 0.54; dfD1; P 7 0.46), or slower
(Block 01-T1; �2D 5.73; dfD 1; PD 0.02) than control
populations (Fig. 3). Depending on the rate of change of
populations, variable results with respect to insect den-
sity were observed in the year following the aerial spray.
With increasing populations, as in 2000, egg-to-third-
instar density was almost one order of magnitude lower
in treated than in control blocks in the year following
NeabNPV application (�2 7 11.44; dfD 1; P < 0.01) (Fig.
3A). With peaking populations, as in 2001, egg-to-third-
instar density was half an order of magnitude lower in
the treated than in the control block in the year follow-
ing NeabNPV application (�2D 41.44; dfD1; P < 0.01)
(Fig. 3B). In contrast, following application of
NeabNPV to decreasing populations in 2002, egg-to-
third-instar density was similar in treated and control
blocks (�2 62.57; dfD1; P70.11), except for one treated
block (02-T2) that supported higher densities than all
other blocks (�2 7166.26; dfD1; P < 0.01) (Fig. 3C).

4. Discussion

This study supports the hypothesis that NeabNPV
epizootics can initiate population decline in N. abietis as

Fig. 2. EVects of time on: (A) larval instar, (B) the incidence of
NeabNPV infection, and (C) frass production in control (black dots;
solid line) and treated (white dots; dashed line) blocks. Trend lines for
control and treated blocks in (B) were Wtted using a multiple regres-
sion. Error bars correspond to §1 SEM.
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an artiWcial augmentation of the incidence of NeabNPV
infection induced a premature collapse of populations
but only when NeabNPV applications were directed
against increasing or peaking populations. In those situ-
ations, up to a 10-fold decline in N. abietis density was
observed in treated blocks in the generation following an
aerial application of NeabNPV. When directed against
declining populations, NeabNPV applications appar-
ently did not inXuence the natural collapse of outbreaks,
with one control block even supporting higher densities
than parallel controls for unknown causes. Egg density
estimates gathered in plots adjacent to ours by the For-
est Resources Branch of the government of Newfound-
land and Labrador (Hubert Crummey, personal
communication) corroborate our estimates. They also
indicate that, since the time sampling was stopped, popu-
lations have declined and remained at low levels in all
blocks up to the submission of this manuscript. To the
best of our knowledge, this is the Wrst report of a Weld
introduction of a baculovirus targeting diVerent stages
of a forest insect outbreak.

The potential role of diseases in generating popula-
tion Xuctuations has been advocated by many authors
(e.g., Anderson and May, 1980, 1981; Briggs and God-
fray, 1995; Dwyer et al., 2004; McCallum et al., 2001;
Myers, 1988) but thus far, their conclusions have
received little experimental support from the Weld. There

Fig. 3. Changes in N. abietis density (§1 SEM) from the pre-applica-
tion sample to the third instar of the subsequent year in: (A) increas-
ing, (B) peaking, and (C) declining populations. Vertical dashed lines
indicate date of aerial applications.
are few examples of introductions of viruses causing the
collapse of forest insect populations (Orlovskaya, 1998)
even though NPVs have been tested for biocontrol in
both agriculture and forestry (Black et al., 1997; Inceo-
glu et al., 2001; Moscardi, 1999). In previous Weld tests
carried out in forest ecosystems, baculoviruses did not
induce the collapse of outbreak populations of Operoph-
tera brumata (Cunningham et al., 1981) or Choristoneura
occidentalis (Otvos et al., 1989), but did cause the prema-
ture collapse of increasing populations of Orgyia pseu-
dotsugata (Otvos et al., 1987). The outbreak stage of a
population is not the only factor that may explain the
success or failure of Weld trials; complex interactions
between the insect, the baculovirus, and other biotic and
abiotic factors also play a role in epizootic events (Ent-
wistle et al., 1988). Other natural enemies, although
apparently not required for the induction of population
collapse, may also have been involved in the decline of
N. abietis populations. However, population-level stud-
ies of this insect (Moreau, 2004) have shown that no
other NPV or microbial agent with similar eVects is pres-
ent in N. abietis populations, which simpliWed our diag-
nosis of treatment eVects.

The artiWcial introduction of NeabNPV did not con-
sistently aVect densities of the treated generation in the
initial period directly following the treatment, but it did
have some eVects on host biology, namely on infection
rates and frass production. The incidence of naturally
occurring NeabNPV infection increased with time in
control blocks but increased more rapidly with time and
reached higher levels in treated than in control blocks.
Frass production increased with time and increasing lar-
val instar, probably because late-instar larvae are
responsible for the majority of the defoliation (Parsons
et al., 2003). However, frass production, and thus pre-
sumably larval feeding, was lower in treated than in con-
trol blocks. Reduced larval feeding rates may be caused
by viral damage to midgut epithelial cells, resulting in
loss of vigor and a moribund state preceding death.

Mechanisms explaining how NeabNPV introduction
aVected the generation following the aerial application
in increasing and peaking populations are not well
understood and warrant additional investigations. We
suspect that a combination of horizontal transmission,
reduced oviposition and egg hatch (Campbell, 2002),
possible vertical transmission, NeabNPV mortality in
the cocoon, and emigration may be involved in the
decline of treated populations. Horizontal transmission
is likely to occur, as OBs can persist in the environment
for a considerable time (Clark, 1956; Thompson et al.,
1981). Moreover, some cadavers of N. abietis remain on
the foliage in the year following NeabNPV epizootics
(G. Moreau, personal observation) and may be an
important source of infectious inoculum. Reduced ovi-
position due to sublethal infection, as well as vertical
transovum (i.e., surface contamination of eggs) and
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transovarial (i.e., contamination within the egg) trans-
mission, has been observed in other defoliator/virus sys-
tems (Cory and Myers, 2003; Rothman and Myers,
1996). The high incidence of NeabNPV infection
observed in treated blocks should result in severe mor-
tality in the cocoon stage (not quantiWed here) as mortal-
ity in cocoons increases with increasing incidence of
larval infection with NeabNPV (Moreau, 2004). Emigra-
tion following epizootics has been indirectly detected in
N. abietis populations (Moreau, 2004; Moreau et al.,
unpublished) and may also contribute to population
decline.

Our results indicate that NeabNPV applications at
rates as low as 1£ 109 OBs/ha may provide an eVective
yet environmentally friendly tactic to suppress epidemic
populations of N. abietis. Except for sawXies, NeabNPV
has no eVects on non-target organisms (Moreau et al.,
unpublished). Populations of N. abietis usually remain at
outbreak densities for only 2–4 years before collapsing
under the inXuence of natural NeabNPV (Martineau,
1985; Moreau, 2004; Smith, 1947). Thus, interventions in
the initial 2 years of an outbreak should be favored to
reduce the impact of N. abietis on the forest resource.
Delaying NeabNPV treatments until the third or fourth
year of an infestation (e.g., the Weld trials of 2002) appar-
ently had no impact on population densities and proba-
bly little or no eVect on resource protection. Conversely,
a certain insect density might be necessary for horizontal
transmission of NeabNPV to take place (Anderson and
May, 1981; Beisner and Myers, 1999), and thus applica-
tions carried out before a suYcient buildup of popula-
tions has occurred might be ineVective.
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