Chapter 5 ®)
Forest Insect Population Dynamics e

Jeff R. Garnas, Matthew P. Ayres, and Maria J. Lombardero

5.1 Introduction

To the casual observer, the arthropod fauna of temperate forests may appear to be
dominated by mosquitoes or other biting insects. Closer inspection of the leaf litter,
the moss at the base of a tree, or leaf surfaces (or reading this book, in particular
this chapter), quickly reveals that insect diversity in many forested landscapes can
be considerable. Still, the degree to which insects interact with trees, stands and
landscapes to drive forest community and ecosystem dynamics is rarely obvious
without intensive study. In fact, most species of insects are rare most of the time.
Occasionally, insect populations increase to levels that are difficult or impossible
toignore. Such events, often referred to as “outbreaks,” are characterized by explosive
increases in abundance (Berryman 1987) which are often episodic (Myers 1988;
Williams et al. 2000) and where population growth is largely unconstrained by the
ecological forces that had held it in check at lower densities. By virtue of the sheer
number of individuals they comprise, outbreaking populations can cause significant
damage to forests, crops, and other ecosystems and can disrupt ecosystem services.
In the most dramatic examples, outbreaking populations can reach abundances in the
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tens of billions, capable of transforming whole landscapes in ways that can even be
seen from space or that warrant multiple mentions in the Bible, as with the infamous
plagues of desert locusts which continue to this day (Behmer 2009).

Outbreaks are also common in forest systems. Recently, an unprecedented
outbreak of the Mountain pine beetle in the western United States and Canada
produced tree mortality over 374,000 km? from 2000-2020; the ensuing fires, decay
and growth losses are estimated to have released 270 megatons (Mt) of carbon,
contributing measurably to global carbon dioxide pools (Aukema et al. 2006; Kurz
et al. 2008; Reed et al. 2014). Some species experience cyclical dynamics with
peaks and troughs in abundance that occur at strikingly regular intervals ranging
from a few years to multiple decades (Baltensweiler and Fischlin 1988; Tenow et al.
2013; Pureswaran et al. 2016). Others experience yearly fluctuations that can appear
random or chaotic and are much more difficult to predict. In this chapter we offer an
exploration of the factors that influence population cycles and that lead to outbreaks
along with some of some of the principal approaches to modeling such dynamics.

The field of population dynamics has deep roots in entomology. Studies of fluctua-
tions in insect abundance—particularly of forest insects—represent some of the core
empirical work in the discipline and have informed key theory in the field (Royama
1977, 1992; Speight et al. 1999; Liebhold and Kamata 2000; Abbott and Dwyer
2008; Price 2011; Isaev et al. 2017). This is due in part to the relative ease by which
insects can be monitored (either directly via trapping or by measuring defoliation, for
example). Long time series of population abundance spanning at least a few decades
and/or detailed life tables (tallies of abundance across life stages) are required to
effectively examine hypotheses relating to patterns of abundance over time. Contem-
porary abundance estimates of sufficient length exist for numerous insect species,
particularly for pests of economic importance (Turchin 2003). Dendrochronological
(tree ring) studies that cross-reference patterns of growth or xylem damage across
living and dead trees (including naturally preserved wood or structural timber) allow
researchers to reconstruct abundance time series over centuries (Esper et al. 2007),
though interpretation of these data can be challenging (Trotter et al. 2002). Finally,
paleoecological reconstruction of insect abundance (e.g. using insect head capsules,
wing scales, frass, or damaged plants preserved in bogs or sediments) can even span
millennia (Sonia et al. 2011; Montoro Girona et al. 2018; Navarro et al. 2018).

5.1.1 Forest Insects on Plantation Trees
and on Evolutionarily Naive Hosts

One increasingly common situation where herbivorous forest insects can become
serious economic and/or ecological threats corresponds to the relatively small subset
of species that respond to a super-abundant and often minimally defended resource.
This occurs primarily (a) in plantation forestry where trees are typically grown in
high-density, low-diversity monocultures, and (b) as a consequence of biological
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invasion in natural forests where native tree hosts are exposed to insects with which
they have no evolutionary history and against which they have little capacity for
defense. In the first case, any of the often globally distributed insects colonizing
pine or Eucalyptus plantations [e.g. the Eurasian woodwasp (Sirex noctilio) or the
Red gum lerp psyllid (Glycaspis brimblecombei)] could clearly be labeled pests
as they reduce yields and negatively impact forest plantation profitability (Garnas
et al. 2012; Hurley et al. 2016). Here, host trees are nearly always available as
new compartments of even-aged cohorts are continuously being planted. As such,
the plantation environment comprises a mosaic of different ages. This results in a
relatively stable and renewable resource from the perspective of insects (see Box 5.1
for a detailed example). It is worthwhile to note that such sustained, elevated pest
densities can also occur when both trees and insects are native, such as is the case
with root weevils in North American pine plantations (Rieske and Raffa 1990),
chrysomelid beetles on Eucalyptus in Australia (Strauss 2001), or pine shoot beetles
in Europe (Schroeder 1987) among others.

The second case arises in large part as an unintended consequence of global
trade whereby exotic organisms establish in forests or plantations worldwide. Where
affected trees lack a co-evolutionary history with newly arrived insects, resistance to
herbivory can be low or even absent. This is largely the situation with American ash
(Fraxinus spp.) which lacks resistance to the Emerald ash borer (Agrilus planipennis)
in the United States and Europe (Herms and McCullough 2014) or pine (Pinus spp.)
and the Red turpentine beetle (Dendroctonus valens) in China (Wingfield et al. 2016).
In such examples, insect populations can reach extremely high abundances that often
result in widespread mortality of host trees. Consequently, novel insect pests often
devastate the local tree resource after which their own populations crash due to the
lack of available host material. While it’s tempting to imagine that pest populations
may go extinct once they have eaten all available trees, in practice, populations often
persist on low-density “escape” trees (those that were missed by the initial wave of
attack) or on the small tree cohort that survived as seeds or seedlings but become
susceptible as they age. In this case, the “outbreak,” while dramatic and devastating,
is likely to be short-lived as it moves toward some new equilibrium density on the
landscape.

5.1.2 Outbreak Dynamics as an Emergent Property
of Insect-Host-Natural Enemy Interactions

While some insects emerge as pests principally as a consequence of specific ecolog-
ical conditions (e.g. high host densities/low diversity of host and/or a lack of co-
evolved responses as discussed in the previous section), an important subset of
damaging insects includes a suite of species that are naturally prone to volatile
population dynamics. This volatility, characterized by wide though often remarkably
regular fluctuations in abundance, arises as a consequence of particular aspects of
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their biology, ecology, or community interactions. These so-called “outbreak species”
are arelatively small, highly non-random subset of insects that may be either native or
introduced. Species characterized by outbreak dynamics account for a highly dispro-
portionate share of management budgets and have been the focus of intense study
relative to non-outbreaking species. Examining the combinations of environmental
conditions, life history traits and community interactions that give rise to outbreak
dynamics, or lack thereof, has practical value for management and contributes to basic
understanding of biological populations. Understanding the features of populations
that promote outbreak behavior also helps us to understand why most populations do
not display outbreak dynamics and instead are relatively rare and stable. Numerous
books and journal articles have been written on the topic, which we broadly synthesize
in this chapter. Much of this theory is rooted in classical population dynamics.

5.1.3 Introduction to Population Dynamics

Many textbooks address the dynamics of populations in great depth and from many
different perspectives. The field is active with sustained, ongoing discovery and
theoretical development (Nicholson 1954; Royama 1992; Berryman 1999; Turchin
2003; Gotelli 2008; Vandermeer and Goldberg 2013; Isaev et al. 2017). Much of the
conceptual basis of our current understanding of how (self-regulated) populations
behave is rooted in the simple equation:

N, = Nye® (5.1

where ¢ is a discrete number of generations and N, is the population abundance ¢
generations from an arbitrary starting point (¢ = 0). Following this logic, Ny is the
“starting” abundance at time zero. In the final term, e, ¢ is Euler’s number (~2.178)
and R, is defined as the per capita population growth rate, measured as the number
of individuals in the next generation for each individual in the current generation.
The relationship between N and R is at the core of why such an apparently simple
model can produce a wide range of ecologically plausible dynamics with minimal
modification to its parameters. Both terms carry the subscript ¢+ which means that
they vary in time, and as it turns out, they also vary as a function of one another. For
N this relationship is transparent: abundance is clearly a function of the growth rate
of populations (Eq. 5.1; left [blue] arrow in Fig. 5.1). Interestingly (and crucially for
the dynamics of populations), R is also a function of N (Fig. 5.1). In other words, the
per capita growth rate (individuals per individual per unit time) is dependent on the
number (or density) of individuals in that population. This feedback between density
and growth rate is at the very core of our understanding of population dynamics.
Special cases within this feedback system produce outbreak dynamics in a subset of
forest insects.

Why does R vary with population density? One major reason is simply compe-
tition for resources. When populations have few individuals, resources (i.e. food,
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The per capita population growth R is itself dependent on population
rate, R, largely determines the density (N) and typically declines with
number of individuals contributed increasing N, as in the case of simple
to the next generation per negative density dependence (below).
individual in the current | R can also be influenced by N in prior
generation, per the equation generations (N,.,, etc.) via “lagged”
below. The € term represents the mechanisms discussed in the text. The
contribution of stochastic and/or equilibrium abundance (or carrying
environmental variation capacity, K) is a property of the
density dependent relationship.
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Fig. 5.1 Conceptual diagram showing feedback between population abundance (N) and per capita
population growth rate (R). The simulated time series on the bottom left depicts population fluc-
tuation under simple density dependence with the inclusion of a stochastic component (g) that
approximates the exogenous (e.g. climate or other abiotic effects, impact of generalist predators)
contribution to interannual fluctuations in abundance. The graph in the bottom right shows negative
density dependence while accommodating the potential for time-delayed feedbacks (lags) via the
equation Ry = F(N¢, Ny.,....Nyx) + €

oviposition sites, nutrients, etc.) are abundant. Thus, each individual is more likely
to contribute maximally to population growth, either viaincreased birth rates, reduced
death rates or both. At the other extreme, when N is high, resources become limiting
and the average contribution of each individual to the next generation is reduced.
Population regulation via competition for resources is dubbed “bottom-up” because
the resource pool (often plants, as in the case of herbivorous insects) is usually
depicted as below the consumer pool in visualizations of trophic (food) pyramids,
webs or chains. There can also be “top-down” pressure from natural enemies (i.e.
predators, parasitoids or pathogens) that sit “above” the consumer pool and respond
to and sometimes suppress prey density. Bottom-up effects can also occur via the
induction of plant defenses that limit resource quality or availability of plant tissues
to herbivores. These defenses make plants more challenging or less profitable to eat.
Top-down control by natural enemies as well as bottom-up control via inducible
defenses can introduce a time lag (i.e. as predator populations respond to changes in
prey density or as plants respond to herbivore attack). Such time lags turn out to be
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very important as they can result in predictable, cyclical fluctuations in abundance,
which will be discussed in more detail below.

In many populations, the relationship between N and R is roughly linear and
negative (Fig. 5.1, bottom right). In such cases it is referred to as simple density
dependence. There are a few important things to recognize about the simple density
dependent relationship, some of which require that we define a few new terms. First,
note that R, can be either positive, negative or zero (Fig. 5.1). It is intuitive that at
high density, population growth becomes negative. Otherwise, populations would
tend to grow forever and become infinitely abundant. Population growth rate must
likewise be positive at low or intermediate density—species for which this is not the
case would have gone extinct long ago. Where the density dependent line crosses
the R = O line (dashed line in Fig. 5.1, right) is a stable equilibrium point; in the
case of simple density dependence, this point has a special name: the equilibrium
abundance, or K. The word “‘stable” when applied to an equilibrium point is another
way of saying it is an attractor. An attractor in this context is an abundance toward
which populations tend, as the term suggests. Looking again at Fig. 5.1, this is easy
to visualize—when density is below K (N < K), R is positive and populations grow;
when N > K, R is negative and populations shrink. In the absence of any stochastic
variation, populations exactly at K (N = K) would neither grow nor shrink, though
this rarely if ever occurs in nature over successive generations. In fact, anywhere the
R function crosses the R = 0 line is an equilibrium point.

With simple (negative) density dependence, there is one additional parameter that
emerges from the R function. Despite the potential to be confusing, this parameter
uses the same letter as the per capita population growth rate, but in the lowercase: r.
“Little r,” as it is sometimes called, is the intrinsic growth rate of the population.
Little r can be thought of as the maximum per capita growth rate when that growth
rate is unaffected by any of the limitations imposed by density. In other words, r is
the value of R for the special case when N = 0 (never mind that populations with
zero individuals are technically extinct). Thus, r can be easily read as the Y intercept
of the R by N function.

Figure 5.2 shows some of the possible relationships between r and K. Many of
these concepts will have relevance in subsequent sections and so are worth examining
here. In all cases, there are three primary aspects we are concerned with the: (1)
intrinsic growth rate (r); (2) equilibrium abundance (K) of the population; and (3)
the strength of the density dependent relationship, which can be understood as the
slope of the line, and calculated as—r / K. In Fig. 5.2a, halving r from 3.0 to 1.5 while
keeping the slope constant has the effect of shifting K to the left, from 100 to 50.
In Fig. 5.2b, similar changes in r while holding K constant results in a significantly
shallower slope (weaker density dependence). Finally, changing K from 100 to 50
while maintaining r at 3.0 leads to a doubling of the slope and the strength of density
dependence (Fig. 5.2¢). Of course, there are many examples where r and K are not
tightly coupled, but it is useful to understand how each parameter influences model
predictions independently.
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Fig. 5.2 Three graphical examples depicting the relationship between the per capita population
growth rate (R) and population abundance (N) under simple (negative) density dependence using

N
the Ricker model: N; 1 = N,er(l_%) . In subfigure a, shifting from K; to K> while preserving
the slope, or “strength,” of the density dependent relationship has the consequence of reducing the
intrinsic growth rate (r). In b and c, changes in either r or K while preserving the other results in
changes in the density dependent slope, with consequences for population behavior or volatility

5.2 Drivers of Population Volatility

How do the models discussed above help us to understand or predict how real popu-
lations behave? In large part, the population dynamics of forest insects (and other
organisms) can be understood with three relatively simple modifications of the param-
eters of Eq. 5.1 or to the nature or shape of endogenous feedback that defines the
relationship between N and R. Together, the inclusion of (1) variation in intrinsic
growth rates; (2) time-lagged endogenous feedbacks (between N and R); and (3)
scramble competition (intraspecific competition defined by all-or-nothing survival
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or reproduction leading to decelerating non-linearity in the R ~ N function) can
produce dynamics that approximate those seen in forest insects.

5.2.1 Variation in the Intrinsic Growth Rate of Populations

Up to this point, we have dealt only with simple (i.e. linear) negative density depen-
dence, which is a useful starting place but is not always a good match with natural
populations (Turchin 2003). By changing the strength of density dependence (the
slope of the density line, as in Fig. 5.2) we can produce a range of dynamics
that approximates the range of dynamics seen in nature (May, 1976). Specifically,
increasing the intrinsic growth rate (which as we saw, increases the steepness of
the negative density dependent function) moves the dynamic feedback system in
the direction of more volatile, complex dynamics. This shift is important from a
management perspective, as increases in volatility/complexity inevitably result in
lower predictability of populations (Berryman 1987).

Here we will use the mathematical formalizations of density dependent population
growth known as the “Ricker model,” originally developed for predicting fisheries
stock (Ricker 1954):

Newt = N 1%) (5.2)

where N, is the abundance in the next timestep, N, is the current abundance, K
is the equilibrium abundance (or carrying capacity) and r is the intrinsic growth rate
of the population. Any model (such as this one) that considers changes in population
abundance at regular time intervals (i.e. ¢, # + 1) is referred to as a discrete time model.
The interval is arbitrary but usually takes a value with some biological meaning for the
population in question, often one year for insects that reproduce annually. Semivoltine
(those that take 2 years to develop) or multivoltine species (those with multiple
generations per year) can be tracked annually or by using a longer or shorter time
step as appropriate. The only requirement is that the tracking interval itself does not
change over time. Most discrete time models have continuous time equivalents that
employ calculus to model population abundance effectively “continuously,” which is
to say over infinitesimally small timesteps. Discrete time models are typically roughly
(or precisely) equivalent to their continuous time counterparts, and for simplicity,
this chapter presents only discrete time models.

Figure 5.3 shows five distinct outcomes that arise simply as a consequence of
varying r, ranging from simple convergence (to the equilibrium abundance, or K)
through damped oscillations, simple and complex cycles, to chaos. In this context,
simple cycles refer to the situation where populations cycle between two abundances,
one on each side of K, while in complex cycles there are four or more abundance
values (for example, two high and two low) that repeat for as long as the models are
run. The most volatile fluctuations are characterized as chaotic dynamics. All the



5 Forest Insect Population Dynamics 123

models discussed are entirely deterministic with no stochastic, or random, elements.
Here chaos does not refer to randomness. Rather, it refers to the fact that fluctuations
in abundance are highly dependent on initial conditions where even slight differences
(i.e. of a few individuals) predict vastly different abundances even a few time steps
in the future. Thus, for chaotic systems accurate forecasting is nearly impossible
(Hastings 1993).

Although intrinsic growth rates are of clear importance to population dynamics
and species with higher intrinsic r values have a greater propensity toward rapid and
dramatic changes in abundance, there is little support for the idea that population
cycles are mainly a product of high . To generate population cycles other mechanisms
are needed—in particular, trophic dynamics.
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Fig. 5.3 Depiction of five distinct model behaviors (left) ranging from low to high volatility (or
N

high to low predictability) using the Ricker model: N;y1 = Nter(l_7 . Corresponding density

dependent relationships are shown in the rightmost subfigure. Note that the only difference among

the models is the value of little » (which drives the strength of density dependence [negative slope]

at constant K, as in Fig. 5.2). Delayed feedbacks and scramble competition are likewise major

contributors to population volatility—see text
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5.2.2 Lagged Endogenous Feedbacks

Feedbacks between N and R are termed “endogenous” because not only does the
per capita population growth rate (R) largely drive population abundance (N) in the
next generation (an obvious and intuitive statement), but N also strongly influences
R (Royama 1992). This feedback is the defining feature of endogenous population
dynamics. The effects of population abundance on birth and death rates are not
always instantaneous, particularly when the ecological mechanisms that drive such
feedbacks involve additional species or trophic levels (Hunter and Price 1998). For
example, some natural enemy populations (especially enemies that are relatively
specialized on the focal prey species) respond to the high abundance of prey with
increasing abundance (thereby reducing R for the prey). Changes in predator density
in response to prey availability (referred to as a numerical response) are typically
characterized by a delay, both in the initiation of population growth and decline as a
consequence of prey surplus and scarcity, respectively. Predators may also respond
functionally whereby the rate of prey consumption per predator individual (but
not necessarily predator abundance) changes in response to changes in prey abun-
dance. This can happen via prey switching or changes in handling efficiency and also
involves a delayed, or lagged, response. Bottom-up effects can be lagged too, such
as in the case of plant inducible defenses that take time to produce and accumulate.
This delay can be generalized by the inclusion of a lagged term as follows:

R=F(N,_)+e (5.3)

where R is a function of density (as before), but now the abundance that matters
is not the present abundance, but rather the abundance x time steps (or generations)
ago. In principle, lags can take any integer value, but in practice, lags of more than
2-3 timesteps in the past seem to be rare in nature (Turchin and Taylor 1992; Hunter
and Price 1998). Lags in dynamic feedbacks have the consequence of elevating
population volatility and can cause populations to cycle. Indeed, delayed impacts
of specialist natural enemies and plant defenses have been regularly implicated as
drivers of population cycles in forest insects, especially among defoliators (Liebhold
and Kamata 2000). The increasingly volatile dynamics with increasing r values
seen in Fig. 5.3 can result in simple or even complex cycles. However, these “first-
order” cycles (those that derive from instantaneous feedbacks) have a period (distance
between abundance peaks) that is too short to accurately describe oscillations in
observed abundance in natural populations, which typically occur on the order of
8—12 years (Liebhold and Kamata 2000). In contrast, second-order feedbacks (those
deriving from time delays in the relationship between N and R) can easily produce
cyclical dynamics of much longer, biologically realistic time scales.
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5.2.3 Scramble Competition

To this point, we have assumed for the sake of simplicity that the relationship between
R and N is linear. This need not be the case. Intraspecific competition for resources
is an important form of endogenous population regulation that can be modeled
effectively under some conditions using the simple, first-order (non-lagged) models
presented above. The linear R by N function assumes that organisms begin to compete
even when densities are very low and that the effect of incremental increases in density
are the same at high densities as they were at low. Neither assumption is unreasonable
as a generality, but we know that linear density dependence is not universal. Instead,
some populations display scramble competition (Royama 1992; Briannstrom and
Sumpter 2005). Scramble competition refers to the phenomenon where at low to inter-
mediate population densities, available food resources are sufficient for all individ-
uals and should thus correspond to a weakly negative density dependent slope at low
abundance values. At high densities, food quickly becomes insufficient for all indi-
viduals simultaneously and reduces individual survival and fecundity dramatically.
This differs from contest competition where the strongest competitors, or those first to
arrive and start feeding, gain sufficient resources while weaker or later-arriving indi-
viduals suffer. Scramble competition was famously described by Nicholson (1954)
during his studies of sheep blowflies (Lucilia cuprina). Nicholson found stable popu-
lation cycles when food (sheep brains) was supplied at a constant rate. He determined
that blowflies had ample food resources and exhibited high survival and reproduc-
tion for a broad range of abundances from near O to near K. However, as densities
approached and exceeded K, suddenly very few of the fly larvae had adequate food
to complete development and therefore many died and few eggs were produced for
the next generation. In short, high density populations tended to drop precipitously in
abundance, or crash. This resulted in R vs. N being strongly decelerating in the region
of K. Equation 5.4 allows for scramble competition of variable strength. Figure 5.4
uses this equation to show effects of varying the strength of nonlinearity in R vs. N.

Nows = e 0(3)) (5.4)

When b = 1, the equation is equivalent to the Ricker model. As b increases, the
R by N function becomes increasingly non-linear (Fig. 5.4a), and with increasingly
nonlinear feedbacks comes greater population volatility (Fig. 5.4b).
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Fig. 5.4 Examples of nonlinear negative density dependence capturing the phenomenon of
scramble competition (Nicholson 1954; May and McLean 2007). Both the density dependent rela-
tionship (between R and N) (a) and the resulting time series (b) were modeled using Eq. 5.4

b
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Nit1 = Nee ( ( K) , and the following parameters (r = 1, K = 150, N; = 1, and either b =
1 [black], b = 2 [red], or b = 3 [blue lines]). Higher values of b correspond to stronger scramble
competition (steeper nonlinearities in the R ~ N function in [a])

5.3 Broad Patterns and Real-World Examples

5.3.1 Cyclical Dynamics

Many populations from diverse animal groups display cyclical tendencies, including
some small mammals and many forest insects. Often this phenomenon has been
attributed to predator—prey dynamics, as with lynx and hare in the Arctic (Stenseth
et al. 1999, but see Bryant et al. 1983; Elton and Nicholson 2007), moose on Isle
Royale (Post et al. 2002), and lemmings in Scandinavia (Stenseth 1999; Forch-
hammer et al. 2008). Delayed density dependence arising from top-down pressure
from specialist (and sometimes generalist) natural enemies at least partly explains
this phenomenon for many forest insects.

Among forest insects, cyclical or outbreak dynamics are disproportionately
common among defoliators, especially the Lepidoptera (moths and butterflies),
though sawflies and some aphids/adelgids also exhibit similar densities and period-
icities (Liebhold and Kamata 2000). Native lepidopterans such as the larch budmoth
(Zeiraphera diniana), the autumnal moth (Epirrita autumnata), the winter moth
(Operophtera brumata) in Europe, the eastern spruce budworm (Choristoneura
fumiferana) and forest tent caterpillar (Malacosoma disstria) in North America have
been extensively studied for their cyclic dynamics and their propensity to cause
widespread defoliation during outbreak years (Varley et al. 1974; Ginzburg and
Taneyhill 1994; Myers and Cory 2013; Pureswaran et al. 2016). Exotic species such
as the spongy moth (Lymantria dispar) or the winter moth in North America (where
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both have been introduced) have also received considerable attention from popu-
lation ecologists (Liebhold and Kamata 2000; Roland 2007). At least for spongy
moth, cyclical outbreaks are evident across certain years (i.e. 1943—-1965 and ca.
1978-1996) interspersed with periods of non-cyclical dynamics (Allstadt et al. 2013).

It is important to recognize that population cycles, by virtue of their theoret-
ical interest and practical importance, are likely more ubiquitous in the popula-
tion dynamics literature than they are in nature. It is only a minority of leaf-eating
insects that reach sufficient densities to completely defoliate trees, but nearly half
(5 of 11, or ~ 45%) of the foliage-feeding forest insects included in a recent anal-
ysis displayed cyclical dynamics (Kendall et al. 1998; Liebhold and Kamata 2000).
Cyclical dynamics are especially prevalent in Lepidopteran folivores. The proportion
of tree-eating pests with cyclical dynamics dropped to 17% when all feeding guilds
were considered (Kendall et al. 1998). Many well studied examples of cyclicity
in population dynamics (including the autumnal moth, larch budmoth, and spruce
budworm) are cyclical in the northern (poleward) part of their range in the Northern
Hemisphere, but not in the southern parts (Ruohomaiki et al. 2000). Likewise, histor-
ical patterns can be disrupted by changes in climate, host tree abundance or human
activities or interventions. In fact, the larch budmoth cycles in parts of the insect’s
range (specifically the Tatra Mountains in southern Poland) ceased in 1981, despite
tree ring records showing regular outbreaks every 8, 9 or 10 years over the last 12
centuries—a phenomenon that appears to reflect a phase shift driven by increasing
temperatures (Iyengar et al. 2016). Understanding the context dependency of cyclicity
and the relationship between cyclical dynamics and specific life history traits remains
a central challenge for forest entomologists and population ecologists alike.

5.3.2 The Larch Budmoth in the European Alps

The larch budmoth (Zeiraphera diniana) (hereafter LBM) exhibits highly regular
cycles of 8—10 years in the Swiss Alps (Fig. 5.5) and has been the subject of sustained
study. Swiss researchers kept meticulous records over decades (Baltensweiler et al.
1977; Baltensweiler and Fischlin 1988), not only on caterpillar population densities,
but also on tree responses to defoliation, as well as parasitism by a suite of over
100 species of parasitoids. Initial hypotheses emphasized parasitoids (especially
the suite of eulophid and ichneumon wasps) and infection by a granulosis virus
as a mechanism for observed population cycles, but later analyses indicated that
fluctuations in parasitism or infection rates were more likely a consequence than
a cause of moth density fluctuations (Baltensweiler and Fischlin 1988). Now, it
appears that the cycles arise from density-dependent feedbacks involving both host
plant quality and parasitoids.
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Fig. 5.5 Population 1000 A
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Box 5.1 When K is high. Case study Sirex noctilio in Southern
Hemisphere pulp stands and of EAB on native ash in North America
and Europe
The word “outbreak™ has a specific meaning to population ecologists and to
many forest entomologists, particularly those working with species exhibiting
cyclical or chaotic dynamics (e.g. some bark beetles and defoliators). However,
there is some ambiguity in the application of this term. There are many exam-
ples of forest insects that are apparently benign (or even difficult or impos-
sible to find) in their native range that have become major pests when intro-
duced into non-native managed or unmanaged landscapes. However, unlike
SPB where high volatility complicates management, exotic pest populations
are often relatively stable across years. Such stability simplifies management
decisions, though stable populations may still cause considerable damage.
While it is tempting to see large numbers of insects and call it an outbreak,
high population densities in pest insects may often be a predictable conse-
quence of an abundance of susceptible host material (Orlander et al. 1997;
Stenberg et al. 2010; Wainhouse et al. 2014; Krivak-Tetley et al. 2021). When
coupled with a loss of natural enemies (as is the case with many introduced
species), populations with large resource bases can become enormous, often
as a predictable consequence of planting of susceptible species or genotypes
under conditions that favor forest insect growth and survival (i.e. low diver-
sity, high density hosts historically selected for growth and yield, often at the
expense of defense). Discerning the effects of increased K stemming from
massive increases in habitat or food availability from fluctuations in abun-
dance arising from high r, lagged dynamics, or scramble competition (which
can lead to outbreak dynamics; see “Drivers of population volatility” section
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above) can be critical to predicting population responsiveness to management,
including biological control.

For insects that specifically utilize stressed or dying trees as part of their
life history, elevated K at a plantation or landscape scale is often a direct
consequence of planting practices. For example, in the Southern Hemisphere,
North American pines are widely planted, often with extremely high initial
planting densities of up to 1,600 stems per hectare. A few years after canopy
closure, these trees begin to compete for light and below-ground resources
and many experience elevated levels of stress. In the absence of S. noctilio,
most trees are able to survive long enough to be harvested and processed.
However, once S. noctilio is established (as has happened almost everywhere
in the Southern Hemisphere where pine is grown commercially) wasp popula-
tions can increase dramatically in high-density pulp stands that contain many
trees that are susceptible to wasp attack. Further, because compartments are
continually being planted at the same densities, new compartments are regu-
larly becoming stressed and vulnerable to attack. Thus, even as trees are killed,
there is no negative feedback to bring populations down. Under a competing,
more complex model, there may be an escape threshold, as with SPB, above
which S. noctilio can attack and kill larger, healthier trees (Slippers et al. 2014).
In the eastern US, where S. noctilio was discovered in 2005, populations grew
quickly as wasps effectively attacked overstocked stands of Scots pine (Ayres
et al. 2014). Now that this resource has been largely depleted, wasps have
become rare and hard to find (Krivak-Tetley et al. 2021), though suppressive
effects of native natural enemies and/or competitors may also play a role.
Likewise, in Southern Hemisphere timber stands that are regularly thinned
to reduce tree competition, wasps are rarely problematic. Similar effects of
elevated carrying capacity on the dynamics of populations are evident across
numerous managed forest landscapes (Orlander et al. 1997; Stenberg et al.
2010; Wainhouse et al. 2014).

Similar to S. noctilio’s rise and fall in the eastern US, which appears to have
tracked the abundance of overstocked pine, other invasive pests also show
characteristic boom and bust dynamics that largely track resource availability.
Emerald ash borer (EAB) was first detected in North America in Michigan in
2002 (Herms and McCullough 2014). Despite massive quarantine efforts, this
insect has now spread to at least 35 states (as of 2021) and has been estimated
to have killed over 1 billion ash trees (Fraxinus spp.). In this case it appears
that there is very little natural resistance to EAB in the ash trees that are native
to North America (Cipollini et al. 2011). Upon arriving in an area, EAB infests
virtually all available ash trees, except for those with very small stems, which
do not have sufficient phloem area to support gallery formation. As such, EAB
populations reach incredibly high densities and then crash once they have killed
all the available trees. It remains unknown whether populations will persist on
the few escape trees and on smaller stems as they grow and become available
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to attack or whether EAB will go locally extinct once most of the ash trees are
killed. To a large extent, the fate of ash on the continent depends on the long-
term, endemic equilibria that establish in the aftermath of invasive spread and
may also be influenced by the suite of native and introduced natural enemies
that have established. Such is the case with many invasive insects for which
high abundance post-arrival is more reflective of transient dynamics, namely
a “feeding frenzy” on highly susceptible trees or genotypes on the way to a
lower, stable, long-term equilibrium.

In the LBM system, host plant quality appears to change as a function
of previous caterpillar density, making it a delayed feedback. Larch trees
are deciduous conifers. Trees defoliated in a given year produce leaves in
subsequent years that are shorter, less digestible, and contain less protein.
Larch foliage becomes less nutritious for LBM populations for 1-4 years
post-defoliation. This has consequences for larval survival and adult fecun-
dity, which determine R in the years after defoliation. This feedback is crucial
to the moth’s ecology as it introduces 2"-order (lagged) dynamics that can
largely explain population oscillations. In this case, the length of lag asso-
ciated with each feedback mechanism was also important to the dynamical
behavior of LBM; induced effects on food quality persist for up to four years,
while parasitism rates principally lag LBM densities by two years.

Interestingly, despite being a classic example of regular outbreak cycles,
LBM population behavior abruptly and inexplicably changed around the 1980’s
such that these outbreak cycles have disappeared in recent years. Modeling
efforts using population estimates from the past 1,200 years (Esper et al. 2007)
clearly shows how outbreak epicenters regularly shift up and downslope in
response to changes in temperature (Johnson et al. 2010). Recent warming
has shifted optimal conditions for LBM population growth to the very edge
of the range of host trees, dampening abundance fluctuations and disrupting
ecological interactions (i.e. with natural enemies and competitors). In fact, this
is among the strongest known examples of a climate change-driven collapse in
population behavior (Esper et al. 2007; Johnson et al. 2010).

5.3.3 Tree-Killing Bark Beetles

Numerous species of tree-killing bark beetles also display outbreak dynamics, but the
mechanisms appear to be different than for cyclical lepidoptera (Kausrud et al. 2011;
Koricheva et al. 2012; Weed et al. 2015). The southern pine beetle (Dendroctonus
frontalis; herein SPB) is a classic example of an insect that exhibits wide fluctuations
in abundance (Fig. 5.6a). SPB is particularly useful to explore since many aspects
of the biology and ecology of this insect have been studied in great detail, in large
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part because it is a major pest of highly productive pine forests in the southeastern
United States (Coulson and Klepzig 2011). In fact, there are numerous species of
bark beetles (Subfamily Scolytinae, within the weevil family, Curculionidae) that are
important in different regions throughout the world, though the outbreak species are
a small minority of the total scolytine fauna (see Chapters 10 and 11). We note that
our perception of “importance,” whether ecological or economic, is strongly linked
with the propensity of a species to outbreak. Insects with populations that increase
to outbreak status are particularly relevant to management since their impacts are
often very difficult to predict in both space and time and can be locally or regionally
devastating to a resource. Figure 5.6a shows the abundance of SPB infestations from
1958 to 2015. Though this behavior is not unique among the bark beetles, SPB is
famous for its ability to rapidly aggregate on pine trees in huge numbers, which
allows them to exhaust resin defenses and kill healthy, vigorously growing trees.
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Fig. 5.6 The Southern pine beetle is one of the most damaging forest pests in the world. This is
due in large part to its potential for outbreak where huge numbers of beetles mass-attack other-
wise healthy trees, overcoming resin defenses and killing them, typically within a few weeks.
Subfigures depict interannual fluctuations in the abundance of SPB “spots” (aggregations of beetle-
killed trees) in Texas from 1958-2016 (a); an SPB adult (actual length = 2—4 mm; b); “pitch
tubes,” or resin defenses produced by trees in response to attack (c); aerial photo of an active SPB
spot (d); widespread SPB damage that can result when outbreaks are left unmanaged (e). Photo
credits (courtesy of forestry-images.com): (5.6b) UGA0013093: USDA Forest Service, USDA
Forest Service, Bugwood.org; (5.6c) UGA1929027: Tim Tigner, Virginia Department of Forestry,
Bugwood.org; (5.6d) UGA1510001: USDA Forest Service - Region 8 - Southern, USDA Forest
Service, Bugwood.org; (5.6e) UGA0007064: Richard Spriggs, USDA Forest Service, Bugwood.org
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Local outbreaks of SPB can be observed from the air due to the characteristic
formation of beetle “spots,” which are local aggregations of tens to hundreds of dead
or dying pine trees that appear red against a sea of green trees/needles (Billings and
Ward 1984). Why is it that in some forests in some years there are thousands of
SPB spots, while in most forests in most years there are zero? It appears that the
answer lies in some interesting population dynamical behavior whereby SPB popu-
lations can be regulated around two different equilibria and switch between them at
unpredictable intervals (Martinson et al. 2012). More specifically, populations can
be regulated at low, “endemic” levels where instead of attacking and killing healthy
trees, they utilize primarily lightning-struck or other stressed trees that are at low
density on the landscape. Eventually, via chance exogenous effects they exceed a
numerical escape threshold (an unstable equilibrium) beyond which their determin-
istic tendency is to increase to an upper “epidemic” equilibrium. Figure 5.7a depicts
this alternative stable states model as it is understood for SPB (Martinson et al.
2012; Weed et al. 2017). The graphical model represents the two stable equilibria
as solid black dots and the single unstable equilibrium as an open circle (Fig. 5.7a).
Below the escape threshold, populations tend to remain near the lower, endemic
equilibrium, while above it, populations tend to “escape” the lower attractor and
rise to epidemic equilibrium. The action of these two attractors results in a bi-modal
distribution in abundance whereby low and high densities are more common than
intermediate densities, which are transitional and rare (Fig. 5.7b).

This dynamical behavior is satisfying as it approximates observed abundance
distributions. But what forces create these two equilibria and what accounts for
the switches between them? The first question is equivalent to asking what drives
negative density dependence at lower and then again at higher abundance values. In
the case of SPB, it appears that the lower equilibrium is generated by predation by
the clerid beetle, Thanasimus dubius, and competition from other bark beetle species
(Martinson et al. 2012). The region of positive feedback (corresponding to a positive
slope in R vs. N) generates an unstable equilibrium. The equilibrium is referred to
as unstable since rather than acting as an attractor in itself, populations below this
density tend to be drawn toward the lower attractor and above it to the higher attractor.
This abundance value can also be thought of as an “escape threshold.” Above this
value there is a range of abundances for which SPB reproductive success continues
to improve as there are more and more individuals available to join in mass attacks of
their host trees. Switches between alternative stable states require that there also be
important exogenous (density-independent) effects on abundance. In the case of SPB,
this could come, for example, from changes in the abundance of a bluestain fungus
(Ophiostoma minus), which is a powerful antagonist of SPB and whose abundance
within trees seems largely independent of SPB abundance (Hofstetter et al. 2006;
Weed et al. 2017).
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Proportion of population

Population abundance (N)

Fig. 5.7 Hypothesized dual equilibrium or “alternate attractors” model proposed for the Southern
pine beetle in Martinson et al. (2012). Subfigure (a) shows the r by N function where two stable
equilibria (solid points) represent attractors and predict two distinct abundances around which
populations are predicted to fluctuate. An unstable equilibrium (open circle) exists between them
and acts as a repellor. A frequency histogram (b) reveals two distinct peaks in expected abundances
which correspond conceptually to observed beetle population behavior which tend to fluctuate
between either low (endemic) or high (epidemic) abundances

5.3.4 Insect Population Dynamics in Managed Systems

In an increasingly globalized world where (a) high-density and high-yield produc-
tion systems using a handful of tree species are relied upon to meet growing local,
regional and global demand for fiber and fuel; (b) non-native pest insects are accu-
mulating in natural and plantation forests; and (c) climate is changing, leading to
shifting geographic ranges and altered dynamics, it is highly likely that managing
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damaging insects (and pathogens) will be of increasing importance in years to come.
While outcomes of b and ¢ above are generally difficult to predict, shifts toward
monoculture plantations yield general predictions for short- and long-term impacts
on insect populations. Perhaps most salient is the fact that conversion of ecosystems
into monospecific production forests tends to increase the K for potential pests of the
tree species that is being propagated (Box 5.1). If the K for an insect species exceeds
economic damage thresholds (one definition of a pest species), then there may be need
for active suppression. Since the natural tendency of populations is to grow toward
K when populations are below it, it should be expected that control efforts will need
to be sustained indefinitely. At the same time, homogenization of plant species and
landscapes in such highly managed forests also tends to decrease K for pollinators,
endangered species, generalist natural enemies and other elements of biodiversity.
This could lead to an elevated extinction risk, especially where populations exhibit
a tendency toward extinction when abundance falls below a minimum threshold.
The existence of this extinction threshold, or more specifically the behavior of small
populations to tend toward zero, is called an “Allee” effect.

Allee effects refer to the tendency of some populations to exhibit a positive corre-
lation between abundance (V) and per capita growth rates at low population densities
(Allee 1932). This region of positive density dependence (where the slope is posi-
tive in the R ~ N function; Fig. 5.8) can arise via a suite of ecological mechanisms
including cooperative behavior (e.g. herd vigilance, co-operative hunting, or mass
attack on host trees), mate finding, or escape from the negative effects of inbreeding,
all of which are particularly relevant when populations are small (Liebhold and Tobin
2008). In each case, higher population densities lead to increased per capita contri-
butions to the next generation. In the case of insects, aposematically colored indi-
viduals (brightly or conspicuously marked) experience lower predation rates when
there are enough individuals for predators to effectively learn the warning signal
(Sword 1999). Mate finding can likewise be important and may in part explain the
over-representation of parthenogenetic, female-only species or races among inva-
sive populations (Kanarek et al. 2015) which very often experience small population
sizes at the time of introduction, or shortly thereafter. In fact, the successful “Slow
the Spread” program targeting the spongy moth specifically takes advantage of Allee
effects, exploiting the difficulty of individuals to locate mates in small, satellite popu-
lations along the advancing front of the regional infestation. Intensive pheromone
trap monitoring in these areas can detect incipient populations; aerial or ground-
based spraying can then be used to reduce population size to near or below the Allee
threshold (open circle; Fig. 5.8), below which the natural tendency of each local
population is to go extinct (Liebhold and Tobin 2008, 2010).

In addition to changes in the equilibrium abundance, population behavior is
predicted to respond to changes in habitat or community. For example, decreases in
the abundance of generalist natural enemies can sometimes promote pest problems,
not simply via the loss of their suppressive effects, but by altering the feedback system
to produce population cycles. Decreases in immediate negative feedbacks (from
generalist enemies) could increase the relative importance of delayed negative feed-
back (from specialist enemies), which may cause increased population volatility and
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could induce cyclical or outbreak dynamics (Ruohomaiki et al. 2000; Klemola et al.
2009). Interestingly, the intentional addition of specialist natural enemies for biolog-
ical control could, in principle, have similar effects, increasing population volatility.
Clear empirical examples or experimental demonstrations of this phenomenon are
lacking, however (Myers 2018).

Finally, there is an unusually strong argument for considering active suppres-
sion when pest populations have alternative stable states (low abundance and high
abundance separated by an unstable equilibrium) such as explained above for SPB.
In this case, monitoring of abundance coupled with occasional suppression when
populations first approach the escape threshold can hold potential pests at endemic
levels (where they are regulated by natural forces) for sustained periods of time
(Billings 2011). In contrast, active suppression of populations with naturally cyclical
dynamics can theoretically have the undesirable effect of prolonging the outbreak
phase by interrupting natural processes (i.e. top-down pressure from natural enemies)
that would have led to declines without human intervention.

5.4 Conclusion

Forest insects represent some of the most well-studied organisms in the field of
population ecology, due at least in part to their economic and ecological impor-
tance and amenability to monitoring and/or historical reconstruction of abundance.
The availability of time series spanning decades or even millennia, together with
comprehensive mechanistic studies particularly in outbreaking lepidopteran species,
form a strong basis for forecasting from which key principles have been derived
and tested. In this chapter we have reviewed some of the basic models of simple
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density dependent regulation, expanding on these ideas to include greater ecological
complexity by incorporating lagged and nonlinear feedbacks. We demonstrate how to
conceptualize and integrate stochastic variation into these models and discuss a suite
of plausible model behaviors that approximate real-world fluctuations in abundance.
Through case studies and examples, we explore the dominant ecological drivers of
population dynamics in forest insects including interactions with host plants and espe-
cially specialist natural enemies that largely drive cyclical dynamics in many forest
lepidopteran species. We consider multiple equilibria models or “alternative state”
models that effectively approximate Southern pine beetle dynamics, and explore the
role and functional form of positive density dependence when populations are small
(Allee effects). Finally, we consider how population regulation can be conceptualized
in highly managed systems such as high-yield, high-density monoculture plantation
settings as well as in “naive” ecosystems, where insects and trees interact under
novel conditions with little co-evolutionary history, most often as a consequence of
biological invasion. While this overview reflects many of the basic tenets of a field
that has matured considerably, accurate forecasting of insects across time and space
still represents a major challenge for forest managers and population ecologists alike,
especially given complex, variable and changing environments.
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