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Abstract Ascertaining the relative effects of factors such
as weather and predation on population dynamics, and
determining the time scales on which they operate, is
important to our understanding of basic ecology and pest
management. In this study, we sampled the pine engraver
Ips pini (Say) (Coleoptera: Scolytidae) and its predomi-
nant predators Thanasimus dubius (F.) (Coleoptera:
Cleridae) and Platysoma cylindrica (Paykull) (Coleop-
tera: Histeridae) in red pine plantations in Wisconsin,
USA, over 2 years. We sampled both the prey and pre-
dators using flight traps baited with the synthetic
aggregation pheromone of I. pini. Flight models were
constructed using weather variables (temperature and
precipitation), counts of bark beetles and their predators,
and temporal variables to incorporate possible effects of
seasonality. The number of I. pini per weekly collection
period was temperature dependent and decreased with
the number of predators, specifically T. dubius in 2001
and P. cylindrica in 2002. The number of predators
captured each week was also weather dependent. The
predators had similar seasonal phenologies, and the
number of each predator species was positively corre-
lated with the other. Including a term for the number of
prey did not improve the model fits for either predator
for either year. Our results suggest that exogenous
weather factors strongly affect the flight activity of I. pini,
but that its abundance is also affected by direct density-
dependent processes acting over weekly time scales.

Adult predation during both colonization and dispersal
are likely processes yielding these dynamics.

Keywords Direct density dependence Æ
Density independence Æ Flight models Æ Weather
effects Æ Thanasimus dubius Æ Platysoma cylindrica

Introduction

Studies on population dynamics are often performed by
examining predator and prey densities at multiple time
points. A common goal is to partition the relative effects
of endogenous variables, such as food, and exogenous
variables, such as predation or weather, on prey popu-
lation densities (Rothery et al. 1997; Kamata 2000).
Partitioning the relative effects of biotic and abiotic
factors, however, may be complicated by a number of
factors. For example, separate feedback processes due to
predators and weather may act at different temporal
and/or spatial scales (Cappuccino 1992; Saitoh et al.
1999, 2003; Williams and Liebhold 2000; Teder et al.
2000). Second, environmental noise may obscure
organism generation times, which are necessary for
discrete-time growth models (Rothery et al. 1997;
Barlow et al. 2002). Third, different sampling strategies
for predators and prey may be necessary due to their
respective biologies. Differences in sampling method
may lead to abundance estimates on different scales or
may introduce different measurement errors (Goldwas-
ser and Roughgarden 1997; Kruger 2002; Graham 2002;
Williams et al. 2003; Rutz 2003). Such observation
errors can lead to spurious detections of density
dependence (Solow 2001).

The pine engraver Ips pini (Say) (Coleoptera: Sco-
lytidae) is endemic across North America, colonizing
weakened pines and occasionally spruce and tamarack
(Clemens 1916; Thomas 1961). In the Great Lakes
region, it is a significant pest of red pine plantations
(Schenk and Benjamin 1969; Klepzig et al. 1991; Kegley
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et al. 1997). Males select suitable hosts and bore through
the bark to create nuptial chambers. While boring, they
emit a stereoisomeric blend of ipsdienol (2-methyl-6-
methylene-2,7-octadien-4-ol) and, in some populations
such as in the Great Lakes region, lanierone (2-hydroxy-
4,4,6-trimethyl-2,5-cyclohexadien-1-one). These com-
pounds function as aggregation pheromones (Wood
1982; Miller et al. 1997). Males typically mate with two
or three females, which then construct ovipositional
galleries. The brood develops in the phloem and sap-
wood before emerging to seek new hosts (Clemens 1916;
Thomas 1961). The mean generation time in pines in the
Great Lakes region is approximately 35 days (Aukema
et al. 2004).

Two of the most abundant predators in this region
are Thanasimus dubius (F.) (Coleoptera: Scolytidae) and
Platysoma cylindrica (Coleoptera: Histeridae). Both are
highly efficient at exploiting the aggregation pheromones
of I. pini to locate their prey (Raffa and Klepzig
1989; Herms et al. 1991; Aukema et al. 2000a; Ayres
et al. 2001). Both predators prey on adults and larvae.
T. dubius preys exophytically on bark beetles arriving at
the tree, before ovipositing at the entrances to their
galleries. The larvae disperse throughout the galleries
and prey endophytically on developing brood (Thatcher
and Pickard 1966; Mignot and Anderson 1969; Aukema
and Raffa 2002). P. cylindrica adults enter bark beetle
galleries, where they consume adult prey (Aukema and
Raffa 2004a). Like T. dubius, P. cylindrica larvae forage
throughout the subcortical habitat on developing bark
beetle brood.

Previous field studies have suggested that these pre-
dators may reduce I. pini in a delayed density-dependent
manner, both within and between years (Erbilgin et al.
2002). However, there is also strong seasonal correlation
among the abundances of these two predators in field
data. Complementary laboratory studies conducted at
prey and predator densities that occur in the field, aimed
at separating the effects of T. dubius and P. cylindrica,
demonstrate that each predator species reduces prey
reproduction. The joint effects of these predators are
both substitutable and additive (Aukema et al. 2004;
Aukema and Raffa 2004b). Further, predator effects
persist after accounting for mortality due to intraspecific
herbivore competition (Aukema and Raffa 2002).
Despite these studies, however, the potential impacts of
T. dubius and P. cylindrica in the field remains uncertain
for a variety of reasons.

First, the effects of density-independent factors, such
as temperature or precipitation, on I. pini population
dynamics and flight activity have not been characterized.
It seems likely that I. pini populations are affected by
additional forces other than bottom-up trophic dynam-
ics, since beetles are aggregated in weakened trees within
stands, yet stand-level seasonal trap catches are not
correlated with the number of stressed trees within
stands (Klepzig et al. 1991; Erbilgin and Raffa 2002).
The effects of weather and predation have never been
studied in concert. Second, these predators may be

considered habitat specialists in that they feed exclu-
sively on the fauna within trees killed by bark beetles,
but are feeding generalists in that they feed on several
coexisting bark beetle species, some of which compete
with I. pini (Erbilgin and Raffa 2001a). Lagged feedback
generally arises from specialist predator–prey interac-
tions (Jiang and Shao 2003). Third, neither I. pini nor its
predator populations have been observed to oscillate as
in some other bark beetle systems (Turchin et al. 1999).
This suggests that factors other than delayed, density-
dependent predation may also be exerting effects.
Fourth, I. pini and predator population dynamics have
never been studied at finer time scales than triennial
counts or across years, which may skip generations of
the herbivore (Erbilgin et al. 2002). Choice of time scale
can be important to elucidating factors that regulate
polyvoltine species (Lewellen and Vessey 1998). This
problem is compounded by the fact that weather may
not only affect beetle population density, but also the
proportion of beetles flying at a particular time.

In this experiment, we exploited the attraction of
both the herbivore I. pini and its predators T. dubius and
P. cylindrica to the aggregation pheromones of I. pini to
sample these insects in flight traps in red pine plantations
over 2 years. We then modeled the direct counts of the
insects captured each year. Because the number of traps
and the study area remained constant, the direct counts
reflected insect population density. We had three pri-
mary objectives. First, we wanted to determine if we
could model bark beetle and predator flight on weather
variables. Such models have potential applications to
pest management. Second, we tested whether there was
evidence of predator impacts on I. pini populations over
brief time scales, allowing for weather effects. Third, if
such predators effects were found, we sought to char-
acterize them as direct or delayed density dependence.

Materials and methods

We selected two homogenous red pine plantations,
approximately 45 years old, near Mirror Lake State
Park, Wisconsin, USA (43�34¢N, 89�53¢W and 43�33¢N,
89�51¢W). Within each plantation, we deployed four
12-unit funnel traps (Lindgren 1983) in a 15 m ·100 m
rectangle. We baited each trap with a bubble-cap lure of
50(+)/50(�) ipsdienol (release rate 110 lg/day at 25�C)
and a similar lure of lanierone (release rate 100 lg/day
at 25�C) (Pherotech, Delta, BC, Canada). This combi-
nation is optimally attractive to I. pini, and also attrac-
tive to T. dubius and P. cylindrica, but the latter prefer
more (+) and (�) blends, respectively (Aukema et al.
2000a,b). As such, our trap counts were likely conser-
vative for the number of predators. We placed a 2 cm
·2 cm piece of revenge bug strip (18.6% 2-2-dichloro-
vinyl dimethyl phosphate; Roxide International, New
Rochelle, N.Y., USA) in each trap cup to kill arriving
insects and prevent destruction of trap contents by
predators.
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We sampled insects throughout the duration of their
flight period over 2 years, from 25 May to 12 October
2001, and 22 April to 21 October 2002. Sampling in 2001
was performed on exact 7 day intervals, for a total of 21
collection dates. We sampled 26 times in 2002. Twenty
of these collections sampled 7 day intervals, five were
within 2 days of this target. One collection spanned a
16 day gap. New lures were deployed each spring and in
early July of each year, to maintain constant emission
rates.

The weather, temporal, and insect variables for our
analyses are defined in Table 1. Temperature and
precipitation weather data were obtained from the
National Climatic Data Center (Asheville, N.C., USA)
for the Wisconsin Dells weather station (43�37¢N and
89�46¢W; altitude 254.5 m), which is approximately
10 km from the plantations. A program was written in
the statistical language R (http://www.r-project.org;
Ihaka and Gentleman 1996; R Development Core
Team 2004) to retrieve user-defined weather variables
(Table 1) for each collection period. Temporal vari-
ables included ‘‘period’’, the number of days in the
collection period (to potentially control for the 16 day
period in 2002), and ‘‘days’’, the number of days after
the first collection each year, with the first collection
numbered as one. This latter variable was included to
incorporate possible seasonality effects. Insect vari-
ables included the mean number of I. pini, T. dubius,
and P. cylindrica per trap for a given sample period.

Insect variables were square root transformed to sat-
isfy assumptions of normality for our regression
models.

We regressed the number of I. pini, T. dubius, and
P. cylindrica per trap per sample period on the weather,
temporal, and insect variables listed in Table 1, using
backward elimination and setting a=0.05. Because one
variable can mask the effect of another if highly corre-
lated (i.e., if multicollinearity is present), we also
examined some additional models by retaining the var-
iable that would otherwise be eliminated by backward
elimination but removing a correlated variable (i.e., one
with a similar low t and high P value) at an elimination
step and proceeding as above. Using these methods, in a
few instances we found two models that fit the data well
for a given insect and present both (see Results). A key
assumption of simple linear regression is that the errors
are independent. For all models, to check for temporal
dependence among the weekly trap catches, we exam-
ined the autocorrelation and partial autocorrelation
functions for evidence of first- or higher-order autocor-
relation among the models’ residuals. In two instances
where autocorrelation was detected, a lagged insect term
improved the model fit (see Results) and removed the
significant autocorrelation among the errors. All coeffi-
cients in final models, with the possible exception of the
intercept, were significant using a=0.05. The overall
significance of final models was judged by F ratios, again
using a=0.05.

Table 1 Variables defined for constructing flight models of I. pini and predators in south-central Wisconsin, 2001–2002 (each variable is
specific to the collection period)

Variable Explanation 2001 2002

Min Mean Max Min Mean Max

IP Mean number of I. pini
captured/trap/sample period

0.0 69.2 284.0 0.0 45.3 121.9

TD Mean number of T. dubius
captured/trap/sample period

0.0 3.2 30.4 0.0 2.3 19.3

PC Mean number of P. cylindrica
captured/trap/sample period

0.0 1.0 14.0 0.0 0.8 3.8

MaxT Maximum temperature (�C) 19.4 29.3 35.6 12.8 29.2 37.2
MinT Minimum temperature (�C) �6.7 6.2 13.3 �6.1 4.7 14.4
MeanHi Mean maximum daily

temperature (�C)
15.1 24.9 32.9 8.7 24.0 31.6

MeanLo Mean minimum daily
temperature (�C)

2.3 11.0 19.4 �1.9 9.8 18.2

MeanT Mean temperature 8.9 18.1 26.2 3.5 17.0 25.0
Hdda Beetle heating degree

days (21�C)
0.0 31.3 96.9 0.0 39.7 139.7

Cdda Beetle cooling degree
days (21�C)

0.0 8.3 41.4 0.0 8.4 53.4

Raindays Number of days
with >13 mm of rain

0.0 1.0 3.0 0.0 0.5 2.0

Prcp Total precipitation 0.0 32.7 99.1 0.0 23.7 61.0
MeanPrcp Mean daily precipitation 0.0 4.1 12.4 0.0 2.8 7.6
Daysb Number of days after first

collection of the year
1 – 141.0 1 – 183.0

Period Number of days in collection
period

7.0 7.0 7.0 5.0 7.3 16.0

aHeating or cooling degree days are calculated from the first sample period of the season (25 May 2001 or 11 April 2002) and an arbitrarily
chosen 21�C threshold
bA quadratic term, days2, was included to allow for a concave or convex pattern in a species’ abundance through the flight season
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Due to concerns of the possible effects of sample
interval variations on detecting lagged feedback in 2002,
appropriate continuous-time autoregressive models were
also constructed using generalized least-squares proce-
dures (Pinheiro and Bates 2002). Suitability of these
maximum likelihood models with similar fixed effect
structures (i.e., weather, temporal, and insect variables
listed in Table 1) but different autoregressive structures
were judged by Akaike Information Criterion (Akaike
1973) comparisons and inspection of autocorrelation
and partial autocorrelation functions. Comparison of
nested models with different fixed effect structures were
performed using likelihood ratio tests (Pinheiro and
Bates 2002). However, models constructed using gener-
alized least-squares procedures provided results similar
to the ordinary least-squares models (i.e., no differences
in significance of coefficient estimates). Hence, we report
only the ordinary least-square regression results.
Assumptions of normality and homogeneity of variances
were checked with residual and normal scores plots. All
data analysis was performed using R.

Results

Over the 2 years, we captured more than 22,609 insects
from 30 species within 13 families (Table 2). The most
common insect was I. pini, of which we captured 20,630.
As in previous studies (Aukema et al. 2000a,b; Erbilgin
and Raffa 2001b), the two most common predators were
T. dubius (1,004) and P. cylindrica (336). Because all
other insects were substantially less abundant, they were
not included in flight models. The flight patterns of
I. pini (Fig. 1), T. dubius (Fig. 2), and P. cylindrica
(Fig. 3) were slightly different from year to year. More
insects were captured in 2001 than 2002 (Table 2), and
peak flights occurred during different months each year
(Fig. 1), or were spread over longer periods (Fig. 3).
Despite these inter-annual variations, our fitted models
provided high quality approximations of flight patterns
for all three species (Table 3). In general, trap catches of
I. pini could be explained by temperature, precipitation,
temporal, and predator variables (Fig. 1). In contrast,
trap catches of the predators could be explained by
temperature, temporal, and corresponding predator but
not prey variables (Figs. 2,3).

Ips pini

In 2001, two models provided quality explanations of
the number of I. pini captured during weekly intervals
(R2

adj>90%; Table 3). In both models, the number of
I. pini increased with temperature, doubled with the
number of days of rain above 13 mm during the pre-
ceding week, but decreased with the total precipitation.
These two models differed by the inclusion of one of two
variables. Trap catch of I. pini decreased with the
number of T. dubius simultaneously captured in one

model, and increased as the number of days into the
flight season increased in the other model. The correla-
tion between these two variables (r=�0.48) can be seen
in Fig. 2, as T. dubius peaks in early spring and then
wanes. In 2002, the number of I. pini captured during a
1-week interval likewise increased with a temperature
variable, the mean low temperature. Similar to the 2001
model, trap catch of I. pini decreased with increasing
numbers of a predator species, this time P. cylindrica.

Predators

The observed number of one predator species captured
during a sample period could be predicted from tem-

Table 2 Total numbers of insects captured in red pine plantations
in south-central Wisconsin, 2001–2002

Order Year

Family 2001 2002

Coleoptera
Buprestidae 0 2
Cerambycidae
Monochamus scutellatus (Say) 0 1
Monochamus titillator (F.) 0 4
Rhagium inquisitor (L.) 0 2
Other 9 3
Scolytidae
Dendroctonus valens LeConte 4 3
Dryocoetes autographus (Ratzeburg) 1 0
Gnathotrichus materarius (Fitch) 0 5
Hylastes spp. 15 1
Orthotomicus caelatus (Eichhoff) 1 0
Ips grandicollis (Eichhoff) 0 28
Ips perroti Swaine 0 5
Ips pini (Say) 11,210 9,420
Males 5,638 4,405
Females 5,572 5,015

Curculionidae
Dryophthorus americanus (Bedel) 0 77
Carabidae
Plochionus pallens (F.) 22 55
Cleridae
Enoclerus nigrifrons (Say) 25 4
Enoclerus nigripes (Say) 4 9
Phlogistosternus dislocatus (Say) 3 0
Thanasimus dubius (F.) 531 473
Thanasimus undulatus (Say) 29 5
Zenodosus sanguineus (Say) 8 23
Cucujidae 24 24
Histeridae
Platysoma cylindrica (Paykull) 176 160
Platysoma parallelum (Say) 43 40
Staphylinidae 14 20
Tenebrionidae
Corticeus parallelus (Melsheimer) 11 15
Trogossitidae
Tenebroides marginatus Beauvois 31 33
Tenebroides collaris Sturm 2 0
Grynocharis quadrilineata (Melsheimer) 0 5

Hymenoptera
Pteromalidae
Tomicobia tibialis Ashmead 3 2
Other 24 0
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perature variables, temporal variables, the number of
the other predator species in the same period, and, in
2002, the numbers of conspecifics from an earlier time
point (Table 3). For example, in 2001, we found two
models that explained the number of T. dubius captured
during a 1-week interval. The number of T. dubius was
directly related to mean high temperatures and the
number of P. cylindrica captured. A quadratic temporal

function, indicative of fewer T. dubius during the middle
of the flight season, also improved the models. One of
the two models also incorporated mean temperature and
heating degree days. In 2002, mean low temperature and
heating degree days were the only temperature variables
used. Similar to 2001, the number of T. dubius captured
was positively correlated with the number of P. cylind-
rica captured. The 2002 model for T. dubius was
improved by incorporating approximately one-fifth the
number of T. dubius captured 2 months previously
(Table 3).

The number of P. cylindrica was positively correlated
with the number of captured T. dubius, in both 2001 and
2002 (Table 3). In 2002, the best model also incorpo-
rated the number of P. cylindrica captured the previous
week, as well as two temperature coefficients: mean high
temperature, and mean temperature of the sample per-
iod (Table 3).

Discussion

These experiments suggest that predators exert direct
negative impacts on I. pini within time periods shorter
than prey generation times. These relationships persist
after accounting for density-independent processes that
affect flight activity, such as temperature and precipita-
tion (Table 3). The possibility that I. pini counts were
artifactually reduced by predation within the confines of
the traps is precluded by two things. First, the pesticide
strips quickly killed arriving insects. Second, P. cylind-
rica must prey subcortically and cannot feed on I. pini in
open containers (Aukema and Raffa 2004a). Thus, it
appears that predation on bark beetle adults that are

Fig. 2 Observed and fitted catches of T. dubius per trap per sample
period in Wisconsin (USA) red pine plantations, A 2001 and
B 2002. Equations for fitted models are given in Table 3 (fitted
model for A is the first T. dubius 2001 model listed). Error bars for
observed catches are one SE (n=8 traps)

Fig. 3 Observed and fitted catches of P. cylindrica per trap per
sample period in Wisconsin (USA) red pine plantations, A 2001
and B 2002. Error bars for observed catches are one SE (n=8 traps)

Fig. 1 Observed and fitted catches of I. pini per trap per sample
period in Wisconsin (USA) red pine plantations, A 2001 and
B 2002. Equations for fitted models are given in Table 3 (fitted
model for A is the first I. pini 2001 model listed). Error bars for
observed catches are one SE (n=8 traps)
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colonizing new trees (Aukema and Raffa 2004c), and/or
those about to disperse after mating and establishing
galleries within a host (Reid and Roitberg 1994; Aukema
and Raffa 2004a), are important processes.

Predator flight models were not improved by incor-
poration of a term for the prey, I. pini. This is likely
because any numerical responses of predators to prey
were likely obscured over the long time lags requisite for
predator generations. The generation times of these
predators are much greater than our 1 week sample
intervals, being a minimum of 5 weeks for P. cylindrica
and 8 weeks for T. dubius under laboratory conditions
(Aukema et al. 2004). In studies where delayed density
dependence has been detected with T. dubius and a bark
beetle prey, each sampling interval spanned several prey
generations (Turchin et al. 1991, 1999; Erbilgin et al.
2002). These differences highlight the importance of time
scale in the analysis of delayed density-dependence
(Lewellen and Vessey 1998). One predator model was
improved by incorporation of a term with a long lag
time. The number of T. dubius in 2002 was related to the
number captured 2 months previously. Although these
predators are believed to be univoltine in the field, this
model suggests that some T. dubius in Wisconsin may be
bivoltine (Fig. 2b).

All predator models were improved by incorporating
terms for the other species of predator captured simul-
taneously in the same trap. T. dubius and P. cylindrica
exhibit very similar seasonal phenologies, with peak
abundances in the spring and lower numbers in late
summer and fall (Erbilgin et al. 2002) (Figs. 2, 3). In
contrast, numbers of I. pini are usually higher in the
summer and fall than spring (Erbilgin et al. 2002)
(Fig. 1). High late-season trap catches of I. pini could
result from progeny from two previous generations
having peak flights in July and August (Fig. 1a). Late
summer populations of I. pini may obtain some tem-
poral escape from predators. These hypotheses are
supported by the two similar models for I. pini in 2001,
which differ only in the inclusion of one of two corre-
lated variables: the number of T. dubius, and the number
of days into the flight season.

Despite the predator effects, I. pini flight appears to
be most dependent upon temperature when analyzed at
high resolution, i.e., weekly, time scales. Our finding that
the dependence of insect flight upon temperature is
certainly not new, and has been previously noted among
bark beetles (McCambridge 1971; Thompson and Moser
1986; Poland et al. 2002) and other insects (Forsse et al.
1992; Lehane et al. 1992; Jonsson and Anderbrant 1993;
Zhang et al. 1998; Tuda and Shima 2002). I. pini flight
seems to be less dependent upon precipitation, although
terms for precipitation were significant in 2001 models
when the catch of I. pini doubled with each day of rain
more than 13 mm (0.5 inches) during the preceding
week. This likely reflects a delay in beetle flight until
after a rainstorm, similar to the precipitation-delayed
phenology noted in fall webworm moths (Zhang et al.
1998). Total precipitation during the trapping period

was associated with a decrease in bark beetles captured
(Table 3). Similar results have been noted in trap catches
of the southern pine beetle, Dendroctonus frontalis
Zimmermann in Louisiana, USA (Moser and Dell
1980). Our results and those of Moser and Dell (1980),
however, indicate that the flight of the predator, T. du-
bius, is less affected by rainfall. This could be due to the
larger size of this predator, as smaller parasitoids in
other systems exhibit flight activity that is negatively
correlated with precipitation (Weisser et al. 1997;
Schworer et al. 1999). It is likely that other climatic
factors that we did not measure, such as humidity, wind
velocity, and wind direction, also affect flight activity of
these forest insects (Franklin and Grégoire 2001; Ös-
trand and Anderbrant 2003).

The flight models presented here are exploratory in
nature and have not been validated over other years.
However, the ability to satisfactorily model large flight
responses (i.e., >100 I. pini/trap/week) on short time
scales (i.e., 7 days intervals) may be useful for pest
monitoring approaches and studies in population
dynamics (Moser and Dell 1979; Aukema et al. 2000b;
Tuda and Shima 2002). In addition to weather and
predator effects, density-dependent dispersal and habitat
structure play important roles in population dynamics
and flight activity (Denno 1994; Cronin et al. 2000; Tuda
and Shima 2002). Current work is focusing on charac-
terizing the dispersal of I. pini and its associates within
and between red pine plantations to augment the current
and other studies in population dynamics.
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Östrand F, Anderbrant O (2003) From where are insects recruited?
a new model to interpret catches of attractive traps. Agric For
Entomol 5:163–171

Pinheiro JC, Bates DM (2002) Mixed-effects models in S and
S-Plus. Springer, Berlin Heidelberg New York

Poland TM, Haack RA, Petrice TR (2002) Tomicus piniperda
(Coleoptera: Scolytidae) initial flight and shoot departure along
a north-south gradient. J Econ Entomol 95:1195–1204

Raffa KF, Klepzig KD (1989) Chiral escape of bark beetles from
predators responding to a bark beetle pheromone. Oecologia
80:566–569

R Development Core Team (2004) R: a language and environment
for statistical computing. R Foundation for Statistical Com-
puting, Vienna, Austria. http://www.R-project.org

Reid ML, Roitberg BD (1994) Benefits of prolonged male residence
with mates and brood in pine engravers (Coleoptera, Scolyti-
dae). Oikos 70:140–148

Rothery P, Newton I, Dale L, Wesolowski T (1997) Testing for
density dependence allowing for weather effects. Oecologia
112:518–523

Rutz C (2003) Assessing the breeding season diet of goshawks
Accipiter gentilis: biases of plucking analysis quantified by
means of continuous radio-monitoring. J Zool 259:209–217

Saitoh T, Bjornstad ON, Stenseth NC (1999) Density depen-
dence in voles and mice: a comparative study. Ecology
80:638–650

Saitoh T, Stenseth NC, Viljugrein H, Kittilsen MO (2003) Mech-
anisms of density dependence in fluctuating vole populations:
deducing annual density dependence from seasonal processes.
Popul Ecol 45:165–173

Schenk JA, Benjamin DM (1969) Notes on the biology of Ips pini in
central Wisconsin jack pine forests. Ann Entomol Soc Am
62:480–485

68



Schworer U, Volkl W, Hoffmann KH (1999) Foraging for mates in
the hyperparasitic wasp, Dendrocerus carpenteri: impact of
unfavourable weather conditions and parasitoid age. Oecologia
119:73–80

Solow AR (2001) Observation error and the detection of delayed
density dependence. Ecology 82:3263–3264

Teder T, Tanhuanpaa M, Ruohomaki K, Kaitaniemi P, Henriks-
son J (2000) Temporal and spatial variation of larval parasitism
in non-outbreaking populations of a folivorous moth. Oecolo-
gia 123:516–524

Thatcher RC, Pickard LS (1966) The clerid beetle, Thanasimus
dubius, as a predator of the southern pine beetle. J Econ
Entomol 59:955–957

Thomas JB (1961) The life history of Ips pini (Say) (Coleoptera:
Scolytidae). Can Entomol 93:384–390

Thompson WA, Moser JC (1986) Temperature thresholds related
to flight of Dendroctonus frontalis Zimm (Col, Scolytidae).
Agronomie 6:905–910

Tuda M, Shima K (2002) Relative importance of weather and
density dependence on the dispersal and on-plant activity of the
predator Orius minutus. Popul Ecol 44:251–257

Turchin P, Lorio PL Jr, Taylor AD, Billings RF (1991) Why do
populations of southern pine beetles (Coleoptera: Scolytidae)
fluctuate? Environ Entomol 20:401–409

Turchin P, Taylor AD, Reeve JD (1999) Dynamical role of pre-
dators in population cycles of a forest insect: an experimental
test. Science 285:1068–1070

Weisser WW, Volkl W, Hassell MP (1997) The importance of
adverse weather conditions for behaviour and population
ecology of an aphid parasitoid. J Anim Ecol 66:386–400

Williams DW, Liebhold AM (2000) Spatial scale and the detection
of density dependence in spruce budworm outbreaks in eastern
North America. Oecologia 124:544–552

Williams CK, Ives AR, Applegate RD (2003) Population dynamics
across geographical ranges: time-series analyses of three small
game species. Ecology 84:2654–2667

Wood DL (1982) The role of pheromones, kairomones, and allo-
mones in the host selection and colonization behavior of bark
beetles. Annu Rev Entomol 27:411–446

Zhang QH, Schlyter F, Chu D, Nia XY, Ninomiya Y (1998)
Diurnal and seasonal flight activity of mates and population
dynamics of fall webworm moth, Hyphantria cunea, (Drury)
(Lep., Arctiidae) monitored by pheromone traps. J Appl
Entomol 122:523–532

69


	Sec1
	Sec2
	Tab1
	Sec3
	Sec4
	Sec5
	Tab2
	Sec6
	Fig2
	Fig3
	Fig1
	Tab3
	Ack
	Bib
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30
	CR31
	CR32
	CR33
	CR34
	CR35
	CR36
	CR37
	CR38
	CR39
	CR40
	CR41
	CR42
	CR43
	CR44
	CR45
	CR46
	CR47
	CR48
	CR49
	CR50
	CR51
	CR52
	CR53
	CR54
	CR55
	CR56
	CR57
	CR58
	CR59
	CR60
	CR61
	CR62
	CR63

