Chapter 18 ®)
Spatial Dynamics of Forest Insects i

Patrick C. Tobin, Kyle J. Haynes, and Allan L. Carroll

18.1 Introduction

The study of the spatial dynamics of forest insects has a long history, and many
forest insect species have served as model systems for studying conceptual processes
of population biology and ecology. Some of the earliest works by A.D Hopkins,
considered as the founding scholar of forest entomology in North America, focused
on forest insects and their interactions with natural enemies (Hopkins 1899a), or
the role that forest insects play in patterns of tree mortality (Hopkins 1899b). Not
surprisingly, the study of forest insect spatial dynamics long predates computers,
geodatabases, and spatial statistical software, as forest insect population data were
often collected at georeferenced locations. For example, aerial surveys of forest
stands affected by biotic disturbance agents, including insects, date to the late 1940s
in both Canada and the United States.

Advances in geostatistics and computer processing power over the past several
decades have enabled forest entomologists to consider forest insect dynamics over
multiple spatial and temporal scales, and vast spatial and temporal extents. In this
chapter, we first introduce the importance of scaling in studies of spatial dynamics,
and review spatial pattern formation in forest insect populations. We conclude
the chapter by addressing metapopulation dynamics, and the concept of spatial
synchrony in outbreaking forest insects.
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18.2 Spatial Scales

The concept of forest insect spatial dynamics is ultimately dependent on the scale
at which spatial dynamics are considered. On the level of an individual woody plant
host, herbivorous forest insect species are generally restricted to certain plant parts,
such as the roots, subcortical regions, leaves or needles, or plant reproductive parts,
and consequently many forest entomology courses focus on the groups (i.e. guilds) of
insects that feed on each plant part (Berryman 1986). Several species that exploit the
same plant concurrently may exploit different parts of the plant due to interspecific
competition. This is a concept known as niche partitioning (Schoener 1974), and
has been observed in competing bark beetle species, some of which attack the lower
bole whereas others attack the middle or upper bole (Paine et al. 1981; Ayres et al.
2001). Moreover, species that attack the same host plant may also exhibit temporal
niche partitioning and thus avoid competition by feeding on the same host plant
at different times. For example, lepidopteran folivores of Eurasian pines, primarily
Pinus sylvestris, display dramatic differences in the seasonal occurrence of the larval
feeding stage; Panolis flammea (Denis & Schiffermiiller) feeds from March to July,
Lymantria monacha (L.) from April to June, Dendrolimus pini (L.) from June to July,
and Bupalus piniarius (L.) from July to November (Altenkirch et al. 2002). Lastly,
different insects will feed on woody plants over the life and death of the host. For
example, many bark beetle species, most notably Dendroctonus spp., are primary
species that only attack live host trees, and are followed by secondary species that
attack dying or dead trees, which are followed by saproxylic and detritivorous species
that play important roles in nutrient cycling (Paine et al. 1997; Grove 2002; Jonsson
et al. 2005).

The level of a forest stand presents another scale, and is often the one most
commonly addressed in studies of the spatial dynamics of forest insects. A stand
is defined as a contiguous community of trees sufficiently uniform in composition,
structure, age and size class distribution, spatial arrangement, site quality, condi-
tion or location to distinguish it from adjacent communities (e.g. Nyland 2007).
Within a stand, forest insects interact with a number of mutualists, competitors, and
natural enemies (Janzen 1987; Komonen 2003). For example, Safranyik et al. (2000)
collected 30 different species of Scolytinae over two years in one mature stand of
Pinus contorta (lodgepole pine) following an outbreak of Dendroctonus ponderosae
Hopkins.

Stands can be aggregated into landscapes, and landscapes into biomes in studies
of processes that affect forest insect spatial dynamics. Depending on scale, different
patterns of spatial structuring might be revealed. Indeed, fundamental processes
operating at one scale may be entirely obscured when the system is considered at
a different scale (Raffa et al. 2008). Thus, it is critically important to recognize the
spatial scale of a study and how it can influence and limit inference with regard to
spatial dynamics.
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18.3 Spatial Pattern Formation

Insect populations are distributed in space. The spatial structure of insect populations
is of paramount importance in sampling and management plans, as well as in efforts
to quantify the underlying factors that affect insect population dynamics (Rossi et al.
1992; Liebhold et al. 1993; Tobin 2004). Spatial patterns occur at multiple spatial
scales. For example, the spatial arrangement of a species on a single host plant will
have a structure, as will its arrangement within a single forest stand, or across a
landscape consisting of a number of forest stands.

There are three basic types of spatial distributions common to not only insect
populations but also to life in general, regardless of taxonomic Kingdom: random,
uniform, and clustered or aggregated (Fig. 18.1). Randomly distributed populations
are rare in nature, and perhaps it is best to think of a random spatial arrangement
as a null hypothesis of insect spatial structure. Uniform patterns are also rare, but
are present in nature under certain conditions, within specific spatial scales, and at
specific population densities. For example, sessile feeders, such as Adelges tsugae
(Annand), might be expected to be uniformly distributed on a single hemlock shoot
in the absence of overcrowding conditions given their feeding behavior. Each A.
tsugae individual occupies a certain amount of space and inserts their stylet into the
petiole of a hemlock needle, which furthermore tend to be uniformly arranged on a
shoot. The vast majority of insect species, especially as spatial scales increase, are
undoubtedly aggregated (Taylor 1961).

One basic explanation for spatial aggregation by most herbivorous insects is that
they have life histories characteristic of r-strategists in which females oviposit several
to many eggs (or other immature life stages) in one area at once. Even though neonates
may be capable of dispersing, such dispersal is normally limited to short distances.
Thus, each new cohort is initiated with a high degree of aggregation. Insects, regard-
less of feeding guild, are also often dependent upon resources that are spatially
structured. For example, plants generally follow elevational and latitudinal gradi-
ents due to variation in a number of factors, such as temperature, precipitation, solar
energy, and soil characteristics. The spatial pattern of plants spatially structures the
insect herbivores that rely on those plants, which in turn spatially structures natural
enemies of those herbivores, and so forth (Taylor 1984; McCoy 1990; Hodkinson
2005). Some forest insects may also be engaged in gregarious behaviors; for example,
semiochemicals such as aggregation pheromones in tree-killing bark beetles facili-
tate mass-attacks on host trees (Borden 1989; Raffa 2001; Gitau et al. 2013). Other
species may use sex pheromones or engage in lekking behaviors that could result in
the aggregation of adults for mating (Landolt 1997; Wickman and Rutowski 1999).

Historical methods of spatial pattern analyses relied on frequency distribu-
tion models and mean-to-variance relationships (e.g. Southwood 1978). These
approaches involved examining the ratio of the sample variance-to-the-sample mean
of a collection of samples from a sampling quadrat or area (Taylor 1961; South-
wood 1978). If the sample variance was less than the sample mean, the population
was considered uniformly distributed. In contrast, if the sample variance was greater
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Fig. 18.1 Spatial representation of a random (A1), uniform (B1), and clustered (C1) spatial pattern,
and the corresponding spatial correlogram (p) shown in A2, B2, and C2, respectively. In random
patterns, the correlation between values from pairs of sampling locations is ~0 regardless of the
distance that separates the sampling locations (A2). This is in contrast to clustered populations
(C2) in which there is high correlation between pairs of sampling locations as the distances that
separates these locations — 0, with the range of spatial dependency extending to the distance at
which pp ~0. In uniformly-distributed populations, high values are generally located next to low
values, which results in a negative correlation as the distance that separates sampling locations —
0 (B2). © Patrick Tobin

than the sample mean, the population was considered to be aggregated. If the sample
variance was approximately the same as the sample mean, then the population was
considered to be randomly distributed. This simple approach was certainly useful
in the days before computers, and did shed light onto the basic spatial patterns of
insects, but was not necessarily spatially explicit or amenable to statistical hypothesis
testing.

More sophisticated spatial statistical techniques have been available for some
time (Legendre and Fortin 1989; Rossi et al. 1992; Bjgrnstad and Falck 2001). These
modern techniques rely on the estimation of the spatial correlogram, which considers
the spatial correlation between values of pairs of samples as a function of the distance
separating the two samples (Rossi et al. 1992; Fig. 18.1). An underlying premise is
that the values of a given variable collected from two locations that are close in space
are more likely to be similar in value than data collected from two locations that are
farther away in space. The correlation of a variable with itself across space is known
as spatial autocorrelation (Getis 2008).



18 Spatial Dynamics of Forest Insects 651

The behavior of the spatial correlogram provides information as to the degree of
local spatial autocorrelation, which is the correlation of a variable between sample
pairs as the distance between sample pairs approaches O (i.e. the y-intercept). As
the distance between sample pairs approaches 0, the theoretical expectation of the
spatial autocorrelation is 1, or perfect positive autocorrelation. However, in field-
collected data, the spatial autocorrelation is often <1 as the distance approaches
0, in part due to random variation and measurement error. In the geological and
mining literature, upon which the foundation of spatial statistics was developed, the
difference between estimates of the local spatial autocorrelation and its theoretical
value of 1 is known as the “nugget effect”’; a term motivated by the occurrence of a
large mineral deposit, such as a gold nugget, in a theoretically unexpected location in
space based on nearby samples (Krige 1999). The spatial correlogram also provides
an estimate of the spatial range, which is the distance over which sample pairs are
correlated; thus, at this distance, the estimated spatial autocorrelation approaches
0 (i.e. the x-intercept). The spatial range can be used to estimate the distance that
samples need to be apart to acquire spatially independent data, and the spatial extent
of aggregation in an insect population.

Quantification of spatial pattern formation, and the approach used to do so, has a
number of important ramifications for the management of forest insect populations.
For example, there are benefits to using prior knowledge of population structure, such
as the degree and range of spatial correlation, to design sampling protocols with the
goal of obtaining spatially independent data. By collecting spatially independent
data, sampling efforts can be reduced yet still allow georeferenced data to be used
in interpolation efforts, such as through kriging (Liebhold et al. 1993; Fleischer
et al. 1999). However, it should be noted that in cases where estimates of population
density are readily available at scales finer than the range of spatial autocorrelation,
such as in studies where the proportion of forest defoliated in a given area of forested
land was used as a proxy of the local population density of Lymantria dispar (L.)
(Haynes et al. 2018), statistical methods have been developed to account for the
non-independence of data values from nearby sample areas. An application of the
spatial autocorrelation based upon field-collected data of L. dispar is presented in
Box 18.1.

Box 18.1: The Lymantria dispar Invasion of North America

Life stages of L. dispar were introduced to Medford, Massachusetts, USA,
by an amateur entomologist, Etienne Léopold Trouvelot, in 1869 (Riley and
Vasey 1870). It is believed that following a storm, life stages escaped from the
rearing conditions maintained by Trouvelot (Forbush and Fernald 1896). It has
subsequently spread in North America such that it now occupies an area from
Minnesota to North Carolina to Maine in the U.S., and southern Ontario to Nova
Scotia in Canada. Current management efforts include outbreak suppression
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in its established area, slowing it spread along its expanding population front,
and eradication in areas outside of the established area (Tobin et al. 2012).

Fig. 1 Lymantria dispar larvae on Betula papyrifera (paper birch), Stockton
Island, Wisconsin, USA (Photo credit: P. Tobin)

Lymantria dispar undergoes one generation per year. Overwintering eggs
hatch in spring, and larval and pupal development occurs over ~8 and 2 weeks,
respectively. Female adults are not capable of sustained flight, and produce a
sex pheromone to attract male mates. Adults are short-lived (~2-3 days). In
summer, females oviposit 200—500 eggs in an egg mass, which will not hatch
until the following year.

Larvae (Fig. 1) are highly polyphagous and are capable of consuming >300
species of host plants, including ~80 species that are highly preferred. Highly
preferred hosts include species within Betula, Crataegus, Larix, Populus,
Quercus, and Salix (Liebhold et al. 1995).

Along its expanding population front, L. dispar generally spreads through
stratified dispersal in which short-range dispersal is coupled with long distance
‘jumps’ in areas ahead of the leading edge. Spatial analyses of L. dispar spread
using the spatial autocorrelation are indicative of a spatial trend as it invades
across a region (Fig. 2).
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Fig. 2 Spread and spatial dynamics of L. dispar in Wisconsin, 2007-2010.
(A) Counts of male moths from deployed pheromone-baited traps. (B) Mean
rates of spread (km/yr) from year-to-year; for example, the spread rate in 2007
reflects the change from 2006 to 2007 (Tobin et al. 2007). (C) Estimates of the
spatial autocorrelation (Bjgrnstad and Falck 2001) in trap catch for each year. In
each year, spatial autocorrelation was detected at distances up to ~100 km (i.e.
the x-intercept), and the linear pattern of spatial autocorrelation is indicative
of a spatial trend as L. dispar invades Wisconsin from the east to the west
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Accurate delimitation of the spatial extent of a population has important impli-
cations for both forest insect pest management and conservation management. For
example, understanding the spatial extent of a pest population allows for the deploy-
ment of site-specific control interventions, and by extension, reduced non-target
effects of control tactics (Sharov et al. 2002; Tobin et al. 2004; Blackburn et al.
2011). In forest insects that are threatened or endangered, or in areas of conservation
concerns, understanding their spatial dynamics helps to develop better conserva-
tion plans (Didham et al. 1996; Gering et al. 2003). Many forest insect species have
important ecosystem roles, and some provide important ecosystem services (Noriega
et al. 2018). Knowledge of their spatial structure can provide insight as to the spatial
extent of these ecosystem services. Lastly, long-term and baseline knowledge of
forest insect spatial dynamics permits the study of how species respond to climate
change, habitat fragmentation and changes in land use, and the introduction of inva-
sive species (Harrington et al. 2001; Knops et al. 2002; Walther et al. 2002; Logan
et al. 2003; Opdam and Wascher 2004; Turner 2010).

It is important to recognize that the spatial patterns of insect populations are not
static; rather, they vary both within and among generations. Consider the phenology
(i.e. the seasonal timing of specific events in an organism’s life cycle) and spatial
arrangement of an insect population that inhabits a stand on both a south-facing slope
and a north-facing slope. Reproductive asynchrony, which occurs when the adults
within a population are present at different times, owing to, for example, temperature
variation leading to variation in developmental rate, could lead to spatial variation
in mating success rates and hence spatial variation in population growth through
time (Calabrese and Fagan 2004; Robinet et al. 2008; Walter et al. 2015). Thus, both
space and time are fundamental for understanding the processes influencing insect
population dynamics.

18.4 Metapopulation Dynamics

Many forest insect populations exist, especially at endemic population densities, as
metapopulations in which spatially-separated sub-populations of a species exist over
a large landscape (Levins 1969; Hanski 1998). Often in forest ecosystems, these
spatially-separated subpopulations exist due to fragmented host plant resources. The
fragmentation of host plant resources could be the result of human activities, such a
logging, or environmental conditions, such as host trees adapted to mid-elevations
or valleys and are thus separated by mountain peaks. Hanski (1997) proposed a set
of conditions that define metapopulations, and one condition is that subpopulations
are close enough to be connected by dispersal. Thus, depending on the dispersal
ability of the insect, a metapopulation can exist over a range of distances between
subpopulations. Another important condition of a metapopulation is that patches of
host resources are fragmented over a larger landscape, and some of these patches
must be of sufficient host quality and abundance to allow for population persis-
tence. Nevertheless, the subpopulations within all patches are theoretically prone
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to extinction, although extinction rates can differ from patch-to-patch. Even insects
inhabiting a forest stand with a high abundance of high-quality host plant resources
have some rate of extinction due to, for example, stochastic mortality factors such
as winter conditions during which temperatures drop below supercooling points. A
final condition of metapopulations is that local population dynamics are independent
of each other and thus are not necessarily synchronous; consequently, densities in
one patch could be high, which theoretically allow it to serve as a source, while
other patches could be going extinct. These conditions comprise the classic model
of metapopulations (Fig. 18.2).

One key aspect of metapopulation dynamics that is applicable to the study of
forest insect ecology is the underlying spatial heterogeneity that fragments an insect
population (Hunter 2002). Past work has highlighted how this spatial heterogeneity
affects natural enemy-victim interactions (Hastings 1990; Taylor 1990), which can
play a large role in the population dynamics of forest insect species. For example,
Roland (1993) examined outbreak duration in the forest tent caterpillar, Malacosoma
disstria Hiibner, a defoliator native to North America, and observed that an increase in
forest fragmentation due to logging spatially decoupled M. disstria from parasitoids
and pathogens to the benefit of the defoliator. The result was longer and more intense
outbreaks in areas with high spatial heterogeneity. Although outbreak dynamics
are inherently spatially synchronized (see Sect. 18.5), the underlying fragmentation
of local populations, which are likely independent at endemic population levels,
can provide sufficient escape from natural enemies that would otherwise provide
population control.

Fig. 18.2 Classic
metapopulation model.
Subpopulations are
fragmented in space, all
metapopulations are
connected by dispersal, all
metapopulations have the
probability of going extinct
(i.e. empty patches), and
metapopulations are
asynchronous. © Patrick
Tobin
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18.5 Spatial Synchrony and Outbreak Dynamics

In contrast to one of the core conditions of metapopulations, specifically the indepen-
dence of dynamics among subpopulations, spatial synchrony refers to the congru-
ence in temporal variation of abundance across geographically disjunct populations
(Bjgrnstad et al. 1999; Liebhold et al. 2004). In other words, spatial synchrony is
the phenomenon in which the densities of populations distributed across a region
tend to rise and fall synchronously. Spatial synchrony has been found in popula-
tions of a wide variety of taxa including many forest insect species (Peltonen et al.
2002; Liebhold et al. 2004). Spatial synchrony in forest insect populations has been
observed over distances of hundreds (Peltonen et al. 2002) to thousands of kilome-
ters (Royama 1984). At times, these forest insect populations can be irruptive and
increase dramatically across a large region over short periods of time, which is often
the case in the development of insect outbreaks (Aukema et al. 2006).

Several mechanisms have been proposed to give rise to spatial synchrony in insect
populations. One biotic mechanism is dispersal between and among populations of
a species (Peltonen et al. 2002), and especially density-dependent dispersal in which
individuals from areas with high population densities disperse to lower density popu-
lations to reduce intraspecific competition. Another biotic mechanism arises from
trophic interactions with populations of other species that are spatially synchronous,
thus inducing spatial synchrony in the forest insect under consideration (Ims and
Steen 1990).

Perhaps the most important factors affecting the spatial synchrony of poikilo-
thermic species, such as insects, are the abiotic effects of weather. Excessively harsh
or mild winter temperatures, for example, can have dramatic region-wide effects on
insect populations. Generally, exogenous weather factors, such as temperature or
precipitation, are highly spatially autocorrelated in a given year and thereby affect,
concurrently, insect populations over large spatial extents; a phenomenon known as
the Moran effect (Moran 1953; Royama 1992; Myers 1998; Hudson and Cattadori
1999). Moran’s theorem states that the correlation through time (spatial synchrony)
between two populations will be approximately the same as the synchrony of the
environment (Moran 1953). Thus, when insect populations are strongly affected by
a spatially synchronous weather factor or factors, the Moran theorem predicts the
densities of the affected insect populations will be strongly synchronous.

On its simplest level, the quantification of synchrony involves the estimation of the
correlation between two characteristics of a population measured through time (i.e.
a time series) such as population growth rate or population density for a collection
of spatially disjunct subpopulations. Spatial synchrony is then a measurement of the
extent to which this synchrony exists over spatial scales. Past work has reviewed
the basis of quantifying synchrony and spatial synchrony (Bjgrnstad et al. 1999;
Buonaccorsi et al. 2001; Liebhold et al. 2004). Briefly, the statistical techniques
used to quantify synchrony are an extension of the tools used in estimating spatial
autocorrelation in which the estimate of the range (i.e. the x-intercept) provides an
estimate of the spatial extent over which synchronous fluctuations in populations
are similar. A conceptual figure of a spatially synchronous insect outbreak and the
resulting estimates of synchrony is presented in Fig. 18.3.
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Fig. 18.3 Hypothetical
spatial and temporal
progression in the severity
of, or the area affected by, an
insect outbreak through time
steps 7 (A), ¢t + 1 (B), and ¢
+ 2 (C). Typically, the
strength of spatial synchrony,
measured as the correlation
in the severity of outbreak
severity through time,
declines with increasing
distance between locations
(D). © Patrick Tobin
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An outbreak, which in entomological terms is defined as an explosive increase in
the abundance of an insect population over a relatively short time period (Barbosa and
Schultz 1987), is inherently spatially synchronized in that high densities are present
over a large geographic area at roughly the same time. Forest insect outbreaks,
much like forest fires, can be an extremely important component of forest ecosystem
dynamics, but also like forest fires, they can have profound ecological and economic
ramifications (Barbosa and Schultz 1987; Mattson and Haack 1987; McCullough
et al. 1998; Raffa et al. 2008). This is especially the case in outbreaks of non-
native forest insects, or when outbreaks of native species are occurring at different
intervals, intensities or in different habitats than the historical norm. Although all
insect outbreaks are spatially synchronized at some spatial scale, the extent at which
the outbreak occurs often defines a forest insect as a pest or not. Small scale outbreaks
that affect alocally distributed forest resource can certainly have measurable impacts;
however, it is the large and spatially synchronous outbreaks that are most damaging
(Raffa et al. 2008; Liebhold et al. 2012).

An important economic consequence of large-scale forest insect outbreaks is that
they can exacerbate the economic burden on individual stake-holders and land owners
due to the fact that a large portion of their forested area is often affected. From a
management perspective, outbreaks that are spatially synchronized over large areas
can overwhelm the budgetary and logistical abilities of federal, state/provincial or
industrial agencies to implement control tactics intended to mitigate impacts and
potentially suppress populations. The spatially synchronous behavior of outbreaks
can also reduce, or in extreme cases eliminate, undisturbed areas that would otherwise
serve as refuge against the effects of an outbreak. Lastly, spatially synchronous
outbreaks can dilute the regulating effects of any natural enemy that could otherwise
provide local control, which in itself could be a contributing factor to the development
of high-density forest insect populations.

Forest insect outbreaks, especially in defoliators, may be cyclical (i.e. periodic)
and at times, populations exist at endemic levels despite the widespread availability
of susceptible host trees. The time between outbreak peaks is referred to as an
outbreak interval or period length. Fascinatingly, many outbreaking forest insects
exhibit cycles at relatively fixed period lengths. For example, prior work has high-
lighted a 8—12-year or a 4-5-year cycle in L. dispar outbreaks depending on forest
stand composition (Johnson et al. 2005, 2006a), a 7-11 year cycle in L. monacha
outbreaks (Haynes et al. 2014), and a 35—40-year cycle in Choristoneura fumiferana
(Clemens) outbreaks (Royama 1984; Royama et al. 2005). The periodicity of cyclic
species can persist for a very long time, with evidence for an 8-9 year cycle in
Zeiraphera diniana (Guenée) extending back approximately 1200 years (Esper et al.
2007).

Statistical techniques to quantify the periodicity of forest insect outbreaks include
the estimation of periodograms through, for example, spectral analysis. A wavelet-
based spectral analysis (Torrence and Compo 1998; Cazelles et al. 2014) is one
technique used in the quantification of time series that describe insect population
dynamics including time series of insect outbreaks (Johnson et al. 2006b). An advan-
tage of this technique relative to others, such as those using Fourier transformations,
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is that the wavelet transform can be applied to non-stationary time series, where char-
acteristics such as period length and the amplitude of fluctuations vary through time
(Torrence and Compo 1998); this is often the case in time series of the abundance of
outbreaking insect species (Aukema et al. 2006; Liebhold et al. 2012). The process
of a wavelet analysis is essentially akin to taking wavelet functions of known period
lengths and sliding them across a time series, in this case a time series consisting
of insect abundances surveyed at regular intervals. Then, at each point in time, the
degree of overlap between the wavelet functions and the population abundance data
is measured. In doing so, one can determine the degree to which fluctuations in abun-
dance are cyclical, the period lengths of any such cycles, and changes over time in
the presence or period lengths of cycles (Torrence and Compo 1998). An example of
the application of wavelet analysis to a hypothetical time series of insect outbreaks
in presented in Fig. 18.4.

Applications of the study of the periodicity and intensity of forest insect outbreaks
include providing background knowledge to forest health managers, who might use
these findings to anticipate the next forest outbreak and preemptively apply manage-
ment practices such as silvicultural strategies (Sartwell and Stevens 1975; Bergeron
et al. 1999; Muzika and Liebhold 2000; Coyle et al. 2005). The study of the spatial
synchrony of insect outbreaks can also shed light on the extent of the affected area.
For example, Aukema et al. (2006) measured spatial synchrony in a D. ponderosae
outbreak in British Columbia, Canada, that was significant beyond 900 km, which
not only refuted popular perception that the outbreak began in a protected area but
also provided evidence that D. ponderosae populations were erupting throughout its
range. A case study of the D. ponderosae outbreak in western Canada is presented
in Box 18.2.
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Fig. 18.4 Hypothetical time series of an insect outbreak showing different periods of time (peri-
odicity) between outbreak peaks including a long period (A1), short period (B1), and one in which
there is a transition from a long period to a short period (C1). The corresponding wavelet analyses
are shown in A2, B2, and C2, with the solid black line representing the expected periodicity in
time, while the colored region bounded by white lines represents the confidence intervals. For A1,
the measured periodicity is ~25 units in time (A2), and for B1, the measured periodicity is ~10
units of time (B2). The periodicity for the time series with the transition (shown in C1) is presented
in C2. This approach can be useful in statistically quantifying changes in the periodicity of insect
outbreaks, or any other measured demographic trait, through time. © Patrick Tobin
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Box 18.2: The Dendroctonus ponderosae (Mountain Pine Beetle)

Outbreak in Western Canada
The mountain pine beetle is native to western North America. It feeds and

reproduces within the phloem tissues of most species of pine trees. During
mid to late summer, beetles select host trees and initiate attacks by boring
through the bark. Trees respond by producing sticky, toxic resin (Fig. 1). Beetles
ingest the defensive resin and chemically convert some of its constituents into
aggregation pheromones that attract more beetles. The result is a mass attack
that overwhelms tree defenses and leads to rapid tree mortality.

Fig. 1 Mountain pine beetles attacking a Pinus contorta (lodgepole pine) tree.
Note the tree’s defensive resin (Photo credit: A. Carroll)

Normally, mountain pine beetle populations are innocuous, infesting occa-
sional vigor-impaired trees within a forest; however, they periodically erupt
synchronously into large-scale epidemics that cause the mortality of trees over
large areas (Fig. 2A). This is a likely consequence of the Moran effect (Moran
1953; Aukema et al. 2006).

Most mountain pine beetles disperse short distances through the forest
when seeking new hosts, but a small percentage will fly above the canopy
(Safranyik et al. 1992). Thus, sub-outbreak populations are largely indepen-
dent across landscapes. During outbreaks, large numbers of beetles may be
carried above the forest canopy by prevailing winds (Jackson et al. 2008),
leading to synchronized dynamics across very large distances (Fig. 2B).

Due to an increase in the number of susceptible trees as a result of fire
suppression, and an expansion of climatically suitable habitats as a conse-
quence of global warming, mountain pine beetle populations erupted during
the mid-1990s and rapidly increased to unprecedented levels, establishing
within historically climatically unsuitable pine forests at higher latitudes and
elevations (Carroll et al. 2004; Safranyik et al. 2010).
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Fig. 2 (A) Time series patterns of tree mortality caused by the mountain pine
beetle within 12 x 12 km cells in British Columbia, Canada, between 1999 and
2003, based on hierarchical cluster analysis (e.g. Swanson & Johnson 1999).
Although the outbreak intensified earliest in the west-central portion of the
province [cluster (i)], populations increased concurrently throughout the region
[clusters (ii), (iii) and (iv)] indicating that many localized infestations erupted
in geographically disjunct areas rather than originating and spreading from an
epicenter. (B) Estimates of the spatial autocorrelation (Bjgrnstad and Falck
2001) in tree mortality caused by the mountain pine beetle during incipient
years (1990-1996) and epidemic years (1999-2003). Note that prior to the
extensive outbreak, populations were largely independent at scales >200 km;
however, during epidemic years populations were synchronous at distances
>900 km. Adapted from Aukema et al. (2006)
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More recently, quantifying forest insect outbreak dynamics has allowed studies
of how outbreak intensity and periodicity might be changing as a consequence of
climate change. For example, the ~1200 years of consistent outbreaks by Z. diniana
(Esper et al. 2007) collapsed in recent decades due to climate warming (Johnson et al.
2010). Haynes et al. (2014) used long-term data on forest defoliators to quantify both
positive and negative changes in their respective outbreak intensity and periodicity
in response to climate change. Lastly, spatial analyses of the D. ponderosae outbreak
in western Canada provided evidence and a quantification of D. ponderosae range
expansion owing to climate change (Aukema et al. 2008; Sambaraju et al. 2012). The
use of analytical techniques such as wavelet analyses provides opportunities to better
understand the relationship between climate change and insect outbreaks, which for
some species could become more intense and frequent while in others, outbreaks
could be disrupted with yet unknown ecological consequences (Weed et al. 2013;
Tobin et al. 2014).

18.6 Conclusion

Certain phenomena, such as spatial autocorrelation and spatial synchrony, are perva-
sive among forest insect populations, but for any given species these and other
spatial properties are dynamic. In recent years, quantifying how such properties shift
through time or across space has opened new avenues for exploration of the processes
underlying the population dynamics of forest insect species. One developing area
of research focusses on understanding the drivers of population spatial synchrony
by studying factors associated with geographic variation in the strength of spatial
synchrony (Walter et al. 2017). Determining the causes of spatial synchrony in a given
study organism is often difficult, in part, because different mechanisms can lead to
similar spatial patterns, such as the tendency for the strength of synchrony to decline
as the distance between populations increases. Furthermore, spatial synchrony in
forest insect populations often extends over such large distances that field experi-
ments are impractical. By exploiting geographic variation in the strength of spatial
synchrony, however, researchers have begun to discover relationships between spatial
synchrony and factors considered as potential drivers (Haynes et al. 2013, 2018;
Walter et al. 2017).

The dynamic nature of the ranges of forest insect species reveals much about
biotic processes underlying patterns of range expansion or contraction, as well as
anthropogenic impacts. Temporal patterns and spatial variability in the local rate
of spread of native and non-native invasive forest insects, for example, have under-
scored the importance of factors including forest management practices, accidental
human transport of invasive insects, Allee effects (positive density dependent popu-
lation growth at low densities) operating at the leading edge of invasion fronts, and
population cycles in rates of spread (Johnson et al. 2006b; Tobin et al. 2007; Walter
et al. 2015; Cooke and Carroll 2017). But global-scale impacts of human-induced
climate change are also changing the spatial distributions of forest insect pest species.
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The outbreaks of some forest insect pests are occurring at higher latitudes or higher
elevations than they did historically, likely because warming temperatures have led
to geographic shifts in the occurrence of optimal temperatures for population growth
(Carroll et al. 2004; Battisti et al. 2005; Jepsen et al. 2008, 2011; Johnson et al.
2010; Safranyik et al. 2010). Other aspects of climate change, such as milder winter
temperatures and increasing summertime drought, have increased the spatial extent
and duration of bark beetle outbreaks, leading to dramatic increases in tree mortality
(Taylor et al. 2006; Raffa et al. 2008; Bentz et al. 2010; Cooke and Carroll 2017). The
effects of climate change on forest insect pests and forest ecosystems also involve
feedbacks between relatively short-term events, such as insect outbreaks, and long-
term processes including regional diebacks of tree species and the increased release
into the atmosphere of CO, due to increased tree mortality (Raffa et al. 2008).
For example, the implications of the positive feedback involving climate change
leading to increased tree mortality due to mountain pine beetle outbreaks, increasing
flux of CO; into the atmosphere, resulting in increased climate change and thus
greater likelihood of further outbreaks seem relatively clear cut (Kurz et al. 2008).
However, the ramifications of climate-pest-ecosystem feedbacks are generally diffi-
cult to predict. Given the importance of understanding such interactions, shifts in
the spatial dynamics of forest insect species and their impacts will likely represent a
major research area for decades to come.
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