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Introduction

Consideration of forest health is central to the sustainable management of
forests. While many definitions of forest health have been proposed, the
most widely adopted concept refers to the sustained functioning of desired
forest ecosystem processes (Kolb et al., 1994). Legitimate complaints have
been raised about the human-centric usage of the term “Forest Health,”
particularly the inappropriate analogy to human health (Raffa etal., 2009),
but the concept is widely applied and provides a useful guide for
management of forests around desired ecosystem functioning. The term
also provides a useful expression for describing work on forest disturbance
agents such as insects and pathogens (e.g. Castello and Teale, 2011).

Certain forest disturbances caused by insects and pathogens play critical
roles in ecosystem functioning. For example, recurrent bark beetle
outbreaks often maintain regional equilibria of stand density and tree
species composition (Amman, 1977). Forest defoliation caused by foliage-
feeding insects often plays a crucial role in cycling nutrients within stands
(Mattson and Addy, 1975). Guilds of insects and pathogens that play these
important roles generally have existed in forest communities through much
of their evolution. In contrast, the introduction of novel combinations of
trees, insects and pathogens from different parts of the world can disrupt
these ecosystem processes and thus impact very negatively on forest health.

Here we focus on how globalization is disrupting forest health conditions
around the world and further, how this represents a threat to sustainable
forest management. Novel associations brought about either by accidental
invasions of insects and pathogens, or intentional introduction of tree
species from one part of the world to another can result in combinations of
species that degrade equilibrium ecosystem stability and consequently
represent challenges to the sustainable management of forests (Liebhold
etal., 1995; Wingfield et al., 2011)

Over the course of millions of years, the world’s fauna and flora have
evolved in distinct biogeographic compartments, separated by oceans,
mountain ranges and other barriers to dispersal. The end result of this
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evolution in isolation is a collection of unique species assemblages. These
forest community assemblages are comprised of species structured at many
trophic levels, including trees (and other plants), herbivorous insects,
insect predators, insect parasitoids, fungal symbionts, fungal pathogens and
decay fungi. While the concept of a “balance of nature” is a gross
simplification, it is legitimate to describe these species as existing in highly
evolved ecological relationships. For example, there are many known
mutualistic insect/fungal relationships (Six and Wingfield, 2011).
Important ecosystem functions are facilitated by these species — herbivorous
insects such as bark beetles play a crucial role in the cycling of forest
nutrients; predators and parasitoids play critical roles in keeping herbivorous
insects in check.

Globalization and breaking down barriers

As David Cohen describes in Chapter 2, the emergence of human civilization
has accelerated trade and connectivity — it has also brought about
unprecedented movement of other species, Species ranges have never been
static; paleontological evidence indicates that as climates have changed
over the last several millennia, tree species ranges have shifted (Davis and
Shaw, 2001) and no doubt so have shifted the ranges of insects and
pathogens associated with these trees. But compared to current rates of
species invasions, these prehistoric range shifts are orders of magnitude
smaller, both in the number of species involved and their geographic scale.

The first significant wave of globalization began with European
colonization of the world’s regions (Crosby, 2004). This first massive
mobilization epoch brought with it the first large surge of species movement
among continents. For example, earthworms were often inadvertently
moved around the world in ship ballast by early European colonists (Bohlen
et al., 2004). These invasions have had profound effects on ecological
processes in forest and other ecosystems.

The industrial revolution began in Europe and spread to North America
in the 1800s. Along with industrialization came increases in intercontinental
trade in both raw and manufactured goods. These increases in trade
resulted in both accidental and intentional movement of a wide variety of
non-native species. Many of the most significant invasive forest insect pests
in North America arrived via trade with Europe (Mattson et al., 2007).

World War II was another turning point in the global invasion problem.
Several damaging species were accidentally transported as part of the
movement of military equipment associated with the war (Hulme et al.,
2008; Gonthier et al., 2007). More importantly, the end of World War II
corresponded with a new global move toward free trade. This was solidified
at the Bretton Woods conference held in 1944 which laid the groundwork
for free trade agreements such as GATT and ultimately the WT'O (Frieden,
2006). These agreements generally had a positive effect on invasions, both
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by facilitating trade but also by making it more difficult for participating
countries to impose quarantine regulations in response to perceived
dangers of plant pest introductions.

Finally, the maturation of the global air transportation system in the
1970s and 1980s brought huge increases in air travel. While air passenger
baggage has been implicated as an invasion pathway largely for agricultural
pests (Liebhold et al., 2006), it has also facilitated unregulated importation
of live plants by passengers. These plant imports provide a significant
pathway for invasion by a variety of plant pests, including forest insects and
diseases. For example, the Chestnut gall wasp, Dryocosumus kuriphilus,
entered the USA in 1974 associated with chestnut plants transported by a
private gardener in Georgia (Rieske, 2007).

Pathways for forest insect and pathogen invasions

As discussed above, there are several different pathways by which forest
insects and pathogens are transported from one part of the world to
another. These include passenger baggage, mail and parcel post, intentional
introduction and hitch-hiking (physical association with an object that is
not host material — e.g. insect eggs laid on the outside of a shipping
container) on cargo. An example of the hitch-hiker pathway is provided by
the painted apple moth, Teia anartoides, a polyphagous foliage-feeder which
is believed to have been accidentally introduced from Australia to Auckland,
New Zealand in the late 1990s as eggs on the outside of a shipping container
(Suckling et al., 2007). Examples of intentional introductions of forest
pests include the horse chestnut leaf miner, Cameraria ohridella, which is
believed to have been introduced to Austria intentionally by an amateur
entomologist (Rabitsch and Essl, 2006) and the longhorn beetle, Phoracantha
semipunctata, as well as other Eucalyptus-feeding insects, which are suspected
of having been intentionally introduced to California by an unknown
individual as part of an unauthorized campaign to control Eucalyptus spp.
(Paine et al., 2010).

However, the two most important pathways for transport of forest insects
and pathogens are the international movement of wood and importation of
live plants. Figure 4.1 summarizes the results of several studies thatidentified
the most likely pathways by which insect and pathogen species historically
invaded various parts of the world. It shows that live plants are generally the
largest single pathway, the only exception being wood-boring insects, for
which imported wood is the principle invasion pathway.

Trade in round wood and lumber is well known as a pathway for invasions
by wood-boring insects and pathogens. For example, the European elm
bark beetle, Scolytus multistriatus, the primary vector of Dutch Elm disease, is
believed to have been introduced to North America on imported logs (May,
1934). However, the form of wood that poses the greatest threat to pest
invasions is solid wood packing material (SWPM) (Brockerhoff et al., 2006;
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Haack, 2006). This material includes wood used in crating, pallets, spools
and dunnage. With the acceleration of post-World War II industrial trade,
massive amounts of SWPM have moved around the world. Due to its low
cost, low quality wood, including slab wood and other pieces retaining
patches of bark, are used as SWPM but such wood often contains particularly
large numbers of insects and pathogens. Associated with increasing
worldwide movement of SWPM from the 1960s to the present has been a
surge of invasions by bark and wood-boring insects (Aukema et al., 2010).
Recognizing the dangers of SWPM as a pathway for insect and disease
invasions worldwide, the International Plant Protection Convention (IPPC)
developed standards regulating the movement of SWPM in trade. This
measure, International Standards for Phytosanitary Measures Number 15
(ISPM-15), prescribes heat treatment or fumigation of all SWPM used for
export (IPPC, 2011). Recent results indicate that ISPM-15 is helpful in
reducing movement of insects and pathogens, but it does not stop it;
inspection data shows only a ca. 40 percent decrease in rates of SWPM
contamination since implementation of ISPM-15 (Haack et al., 2014).
While it is disappointing that ISPM-15 has not generated a larger decrease
in arrival rates, the reasons for continued contamination of treated SWPM
are non-compliance by exporters, infestation of SWPM post-treatment and
failure of the treatments to kill 100 percent of all organisms present in
SWPM. Revisions to ISPM-15 are being developed to address these issues.
Importation of live plants represents the most serious threat to insect and
disease invasions worldwide (Liebhold et al., 2012); Figure 4.1 shows that it
has historically been the most frequent invasion pathway for insects and
pathogens. Live plants are the “perfect” medium for transplanting plant pests
since the pests are essentially provided a meal to consume during their trip.
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There are many reasons why plants are imported. First, the horticultural,
agricultural and forestry industries are always searching for new plant
arieties that are not native but may hold value for use in propagation.
Second, low labor costs and favorable growing conditions in certain
countries may create economic incentives to produce plants in one region
and then ship them to another where they are sold and planted. So called
“plants for planting” imports have massively increased over the last four
decades in both Europe and North America with ¢a. four billion live plants
imported annually to the USA alone (Liebhold etal., 2012),

Given the risks associated with plantimports, what measures can regulators
implement to reduce these hazards? Measures taken by quarantine agencies
include inspection, fumigation, heat/cold treatments, postimport
quarantine observation as well as partial or total bans on imports. Approaches
to regulating plant imports vary considerably among countries. Some
countries, such as New Zealand, implementa “white list,” in which importation
is limited to only specific taxa that have gone through a rigorous analysis of
risk. Other countries, such as the USA, have historically implemented a
“black list” system in which only plant taxa considered to be of high risk are
banned and all other taxa are allowed to freely enter. In recent years however,
the USA has implemented a “grey list” system in which imports of certain
plant taxa are temporarily banned pending a risk assessment (Liebhold etal.,
2012). Other plant import regulations vary considerably among countries;
for example, the USA bans the import of soil with all imported plants while
the European Union does not regulate soil at all. Soil is well known to
commonly contain many harmful pathogens, nematodes and invertebrates
and thus represents a risky part of the live plant pathway.

Another approach being implemented to minimize insect and disease
introductions associated with plants is the “systems approach” (Parke and
Griinwald, 2012). Such systems typically target specific potential invading
species associated with certain plant genera. Under the systems approach,
pest populations are managed during their production overseas and closely
monitored prior to export for grower compliance of clean stock production,

Mechanisms of forest health dysfunction associated with invasions

The problem of biological invasions is not limited to forest insects and
pathogens. Considerable effort has gone into understanding why so many
non-native species are problematic. Before addressing these theories, it
must be pointed out that the vast majority of non-native species have no
known impact; the so-called “tens rule” states that only one out of ten alien
speciesare truly invasive in the sense that theybecome problems (Williamson
and Fitter, 1996) and this appears to be approximately true for non-native
forest insects (Aukema et al., 2010).

As described earlier, communities of species have evolved for millions of
vears in isolation of species in other communities located elsewhere in the
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world. When a species invades a new region it comes into contact with
species that do not have a previous evolutionary history of co-existence with
it. While this is not always a recipe for disaster, these novel species
associations can create unstable conditions. The two general categories of
ecological interactions that frequently create instability in forest invader
populations are enemy release and lack of host resistance.

Enemy release refers to the situation where an invading species escapes
regulation from higher trophic levels and thereby exhibits extraordinary
population growth. In highly evolved communities, most herbivore species
are associated with guilds of predator, parasite and pathogen communities
that maintain populations at moderate levels of abundance. These natural
enemies may be specialists or they may be generalists and either through
numerical or functional responses, these enemies exhibit density dependent
effects that regulate host populations (Varley et al., 1974). By colonizing a
novel habitat, herbivores and disease agents often escape this regulation
and their densities may reach very high, damaging levels.

The enemy release mechanism serves as the foundation for classical
biological control, which entails introduction of specialist natural enemies
from a herbivore's native region. The success of many biological control
efforts illustrates the importance of enemy release in explaining the
virulence of invading species. A good example of this is provided by the
winter moth, Operophtera brumata, which was accidentally introduced from
Europe to Nova Scotia, Canada in the 1930s. Over a period of several
decades, this species expanded its range and exhibited massive outbreaks,
causing extensive forest defoliation until the 1950s when the parasitic fly
Cyzenis albicans was introduced from Europe (Embree, 1965). The fly was
released in 1954 but it did not cause extensive parasitism until 1961, after
which the outbreak area greatly decreased and ultimately all outbreaks
permanently ceased.

The other principle mechanism driving invasive population behavior is
lack of host resistance. Over millions of years of evolutionary history, insects
and pathogens have co-evolved with their host plants in something of an
evolutionary “arms race” in which damage caused by these agents drives the
evolution of resistance mechanisms in host plants (Fritz and Simms, 1992).
These processes are varied but include both chemical and physical
mechanisms that minimize the ability of insects and pathogens to deplete
host plant tissue. When insects and pathogens invade new regions, they
contact tree species with which they have no previous evolutionary history.
In some cases, this results in explosive growth of the insect or pathogen
population, sometimes resulting in extensive tree mortality. There are
unfortunately many examples of this phenomenon, the earliest of which
date back to the late 1800s (Wingfield et al., 2011). Classic early examples
include Chestnut blight and Dutch Elm disease caused by Cryphonectria
parasitica and  Ophiostoma  wlmi/novo-ulmi respectively (Brasier, 1990;
Anagnostakis, 2001). A good recent insect example is provided by the
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emerald ash borer, Agrilus planipenni. In its native range in East Asia, this
insect is only able to colonize dead or dying host ash trees. But since its
discovery in North America in 2002, little evidence of host resistance has
been observed and this insect is able to colonize healthy trees, killing them
in 1-3 years (Poland and McCullough, 2006).

In addition to the introduction of individual insect and pathogen species
into ecosystems of native woody plants, there are growing numbers of
examples where novel associations between insects and pathogens are
emerging as devastating to native forests (Wingfield et al., 2010). These
associations are sufficiently unusual and unexpected that they have
recently been described using the metaphor of “black swans™ (Ploetz et al.,
2013). A shocking example is found in the association between the
wood-boring insect Xyloborus glabratus, native to southeast Asia, and the
fungal pathogen Raffaelea lauricola, of unknown origin. Together, these
species are devastating bay laurel, Persea borbonia, in the southeastern USA
(Fraedrich et al., 2008).

Plantations of exotic trees

Like de Fégely and Neves Silva describe in their chapters, with an increasing
global demand for wood fiber, plantations of non-native trees are playing
an increasingly important role in forestry worldwide (Sedjo, 2001).
Particularly in the southern hemisphere and tropics, exotic tree species
such as Pinus, Eucalyptus and Acacia often provide considerably higher yields
of high-quality fiber compared to native species.

At least a portion of these higher levels of productivity by non-native tree
species can be attributed to their escape from herbivory by pathogens and
insects that they face in their native range (Wingfield, 2003; Wingfield et al.,
2008). A good example of this is provided by Pinus radiata. In its native
range in North America, trees are poorly formed and slow growing, but in
exotic plantations in New Zealand, Chile and Australia, they exhibit
remarkable growth and are widely utilized for fiber production. At least
some of this difference can be explained by the greater abundance and
diversity of herbivorous insects in native stands compared to exotic
plantations (Ohmart and Voigt, 1981).

The extraordinary productivity of exotic tree plantations may not
continue indefinitely. It can be expected that pathogens and herbivorous
insects will eventually “catch-up” with their host trees, i.e., insects and
pathogens from a tree’s native range over time may accidentally be
introduced, thus ruining the enemy release that the exotic trees have
formerly enjoyed. For example, pines are not native to the southern
hemisphere where they have been widely planted and exhibit remarkable
productivity. However, one pine herbivore, Sirex noctilio, has colonized
virtually every major pine-producing region in the southern hemisphere
where it has often become a major pest that threatens plantation forestry
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(Slippers et al., 2003). The species is native across temperate Eurasia and
typically causes little damage, but in exotic pine plantations where no other
bark- and wood-borers typically exist, this insect thrives, sometimes
exhibiting massive outbreaks that cause the death of 50 percent or more of
trees in a given stand. Mike May discusses in his chapter the potential for
biotechnology to help address mortality and growth in plantations.

Another unfortunate trend in plantations of exotic tree species is host
switching by native species to the exotic host (Slippers et al., 2005;
Bertheau et al., 2010). There are several instances in which such host
shifts have occurred though typically there is a delay of several decades
between initial planting of an exotic tree species and the shift to this host
by a native insect or pathogen. For example, large numbers of the
wood-boring cossid moth, Coryphodema tristis, were discovered feeding and
damaging FEucalyptus nitens in South Africa in the early 2000s, many
decades after this tree species was first widely planted in that region
(Gebeyehu et al., 2005). This species shifted to Fucalyptus from native
trees in South Africa, presumably following selection for traits allowing it
to utilize the new host. Likewise, virulent canker pathogens in the
Chrysoporthaceae are increasingly found moving from native Myrtales,
especially Melastomataceae and Myrtaceae to infect Eucalyptus (Wingfield,
2003; Wingfield et al., 2010)

A new and potentially serious side-effect of planting exotic trees in
forestry is the possibility that these plantations can serve as breeding
grounds for potentially damaging new insect and disease strains having
impacts worldwide. As described above, it is not unusual for native insect
and pathogen species to make host shifts onto exotic tree species but these
strains potentially pose a serious threat to the exotic tree species in their
native range. At least one example of this phenomenon has emerged in the
form of myrtle rust. This disease is caused by the fungal pathogen Puccinia
psidii, which is native to Myrtaceae in South America but has made a host
switch to Eucalyptuswidely planted in Brazil (Glen etal., 2007). Unfortunately,
the pathogen has now been accidentally transported to Australia where it
has become established and causing considerable damage to native
Eucalyptus stands there (Morin et al., 2012).

The future

There is little doubt as to whether the current trend of increasing
globalization is likely to continue indefinitely into the future. It is inevitable
that trends of increasing international trade and travel will result in
increases in invasive species propagule pressure into the future. Thus, the
problem of non-native insects and pathogens is likely to intensify globally in
coming years. With likely changes in geopolitics and economic forces,
current patterns of dominant trade routes will change and this also can be
expected to contribute to new combinations of insects, pathogens and tree
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species. Given that the impacts of non-native species can be catastrophic to
the ecological stability of forest ecosystems, consideration should be made
to increasing phytosanitary regulations that might limit insect and disease
movement in the future. Unfortunately, free trade and phytosanitary
regulation are often incompatible. While promotion of free trade has
considerable benefits, impacts of invasive species should be made part of
the equation when trade agreements are developed.

The utilization of exotic tree species in plantation forestry is also a trend
that can be expected to continue given expectations of increased global
demands for fiber. Since the high productivity of exotic tree species
results, in part, from their escape from herbivory and disease, countries
that invest heavily on such plantations should also invest heavily on
phytosanitary protection. Experience with exotic tree plantations
demonstrates that escape from herbivory and disease cannot be expected
to last forever. The recent experience with myrtle rust also demonstrates
that widespread plantations of exotic species can potentially have adverse
effects on the health of these same tree species worldwide, including in
their native range.
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