Chapter 3 ®)
Forest Arthropod Diversity oo

Christian Hébert

3.1 Introduction

Insects are the most diverse group of organisms on Earth with 952,794 described
species (Roskov et al. 2021). They account for 85% of arthropod species, 67% of
animal species and 47% of all species currently known on the planet (Roskov et al.
2021) (Fig. 3.1). However, this is an underestimate as the number of species of
insects and other arthropods living on Earth is still unknown. More than 30 years
ago, Robert May published a paper entitled “How many species are there on Earth”
and concluded that the number of species living on Earth was not even known within
an order of magnitude (May 1988). The most recent estimates of richness suggest that
there are approximately 5.5 and 7 million species of terrestrial insects and arthropods,
respectively (Stork 2018). This suggests that over 80% of species remain to be found
and described. Although knowledge of the diversity of species present is fundamental
information for managing natural ecosystems, determining the number of insect or
arthropod species existing on Earth, in a biome or in any forest habitat is a great
challenge for scientists. It is concerning to realize that forest ecosystems are managed
without accurate knowledge of the diversity involved in the ecological processes
critical to healthy forest ecosystems.

3.1.1 Plant-Insect Coevolution as a Driver for Diversification

Arthropods have existed on Earth for at least 400 million years and they are among
the earliest animals known to have colonised terrestrial habitats, where they have co-
evolved with plants (Grimaldi and Engel 2005). Insects arose before the Devonian,
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from a Silurian aquatic arthropod (Gaunt and Miles 2002), after the first fossils of
terrestrial plants were found from the Ordovician (Knoll and Nowak 2017) (Fig. 3.2).
Fossil records showed that the first trees were recorded in the late Devonian and
they diversified during the Carboniferous, which was followed by diversification of
insects in the Late Carboniferous (Retallack 1997). Signs of attack by phytophagous
arthropods have been recorded on fossil roots, leaves, wood and seeds, and the first
wood boring Coleoptera were reported from the early Permian (Labandeira 2006).
All phytophagous groups were present by the mid-Triassic; at this time, the dominant
taxon was Coleoptera (Labandeira 2006). The type of leaf feeding revealed by fossils
showed increasing complexity of interactions between arthropods and plants. For
instance, the earliest leaves showed only marginal feeding while non-marginal leaf
feeding, which requires specialized mouthparts, came later in the mid-Cretaceous
after the arrival of angiosperms (Scott et al. 1992). Leaf-mining and gall production
also coincided with plant diversification during the Cretaceous and Tertiary.

Today, plants (18.5%) and phytophagous insects (21.4%) represent about 40%
of known terrestrial species. Also, it is estimated that at least one predacious or
saprophagous insect species exists for every phytophagous insect species (Strong
etal. 1984). Thus, globally, nearly 2 terrestrial species out of 3 depend on plants. This
supports Ehrlich and Raven (1964) conclusion that “the plant—herbivore interface
may be the major zone of interaction responsible for generating terrestrial organic
diversity”. They suggested that the evolution of plant chemical defense in response
to insect phytophagy resulted in a co-evolutionary arms race that generated high
biodiversity in these two groups of organisms. However, it has been suggested that
this coevolutionary arms race has been overemphasized and that deterrent effects
of plant secondary chemicals for some phytophagous insects may have arisen from
the need to avoid plants on which they were easily found by predators (Bernays and
Graham 1988). In fact, coevolution is extremely difficult to demonstrate as it involves
reciprocal adaptive changes in interacting species and this change must result from
selection exerted by the other species (Thompson 1994). Nevertheless, the concept
of coevolution between plants and phytophagous insects has been generally accepted
as the basis of arthropod diversity (Janz 2011). Plant diversity was also shown to be
a powerful predictor of the richness of other arthropod guilds (Basset et al. 2012).
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Fig. 3.2 Insect diversity, expressed as the number of insect families along Geological Time. Four
major extinction events and the onsets of major groups of plants are highlighted. The geologic time
events are from Figure 1 in Condamine et al. (2016) (reprinted with permission from Springer).
The curve comes from Labandeira and Sepkoski (1993) (reprinted with permission from AAAS).
Plant drawings were done by Jean-Michel Béland from the Canadian Forest Service (reprinted with
permission from Jean-Michel Béland)

3.1.2 Wood as a Distinctive Forest Attribute and a Powerful
Driver for Diversification

The most distinctive feature of trees comes from their vertical structure, which result
from woody tissues that provide the mechanical support to permit their vertical
growth. This allows trees to outcompete herbaceous plants and shrubs for light and
produce the greatest amount of biomass among vascular plants. The resource abun-
dance hypothesis suggests that plants offering greater amounts of resources should
support more species and higher abundance of arthropod herbivores (De Alckmin
Marques et al. 2000). The great aboveground biomass produced in forests may thus
explain why these biotopes support so many species. Trees also tend to house more
pest species than shrubs, which in turn have more than herbs (Strong and Levin
1979). Morphologically complex hosts provide diverse ecological niches and larger
hosts are easier to find by arthropods. The greater size and morphological complexity
of trees compared with shrubs and herbs likely explains the higher number of pest
species on trees.

The structural heterogeneity of forests is both vertical, and horizontal, particularly
in primary forests where closed areas alternate with clearings, which occur when
trees die (Kuuluvainen 1994). Although forest ecosystems are often perceived as
homogeneous at large scales, at smaller scales, forests show important horizontal
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heterogeneity. Closed-canopy areas alternate with forest gaps resulting from tree
death. In forest gaps, local abiotic conditions differ from those in closed canopy areas
(Ritter et al. 2005). These gaps influence forest dynamics and provide a succession
of microhabitats that promote biodiversity. Abiotic variables interact with biotic
variables such as tree species, tree size and bark thickness to provide ecological niches
to arthropods. For instance, vertical segregation of bark beetles has been reported in
Pinus taeda (Paine et al. 1981) and Pinus strobus (Price 1984). The largest species
(genus Dendroctonus) are found at the tree base while the smallest ones (genus Ips)
are found higher on the bole and even in the canopy where species such as Pityogenes
hopkinsi feed on small branches (Price 1984). Beetles compete for limited resources
(phloem) and their interactions result in partitioning resources within trees (Paine
etal. 1981). This might be driven by bark thickness, as this attribute is important for
explaining community composition of early-arriving beetles in recently dead Scots
pine (Foit 2010).

3.1.3 Latitudinal Gradient of Arthropod Diversity

There is no complete inventory of arthropods in any biome or in any type of forest
ecosystem. However, the latitudinal gradient theory predicts decreasing species rich-
ness with increasing latitude (Pianka 1966; Hillebrand 2004). Latitude is a surrogate
for environmental gradients (e.g. temperature, insolation and precipitation) (Willig
et al. 2003), which also vary with elevation. Tropical regions receive more solar
energy and precipitation, so they should be more productive than temperate regions
(Pianka 1966; Willig et al. 2003). Habitats showing greater plant species richness
usually exhibit greater arthropod richness (Speight et al. 2008). In addition, glacia-
tion events have had negative impacts on biodiversity in temperate regions, but they
have not had similar effects in tropical regions (Willig et al. 2003). Also, the warmer
climate and higher moisture levels in tropical regions are not only more favorable
for the growth and survival of most plant species, but also for groups such as fungi
on which arthropods feed. Similarly, the importance of temperature for biodiversity
diversification has been highlighted along a 3.7 km elevation gradient at Mt. Kiliman-
jaro, Tanzania (Peters et al. 2016). Species richness of single taxa vary in complex
distribution patterns along elevation, according to their tolerance limits to environ-
mental gradients (Peters et al. 2016). Similarly, the Ichneumonidae (Hymenoptera), a
family of parasitoid wasps, do not follow the usual latitudinal gradient of biodiversity,
their diversity peaking at mid-latitudes (Janzen 1981; Skillen et al. 2000).
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3.2 Feeding Guilds of Arthropods Living in Forests

Traditionally, arthropods are described taxonomically but they can also be described
on the basis of their diet and functional role. Those that feed on living plants are gener-
ally called phytophagous (Bernays 2009), while those that feed on living animals
are called zoophagous. The term saprophagous is used for organisms that feed on
decaying plants or animals, but can also include feeding on fungi since they are
often interlinked with decaying organic matter (Natural Resources Canada 2015).
Combining functional roles and niches allows grouping arthropods among guilds,
which are groups of species that exploit the same type of resources in a similar way
(Root 1967). Guilds help to structure ecological communities (Simberloff and Dayan
1991) and will be used to describe arthropods living in forests.

3.2.1 Phytophagous Arthropods

Phytophagous arthropods can be grouped into guilds according to their feeding mode,
the plant part they exploit and whether they feed internally or externally on the plant
(Novotny et al. 2010). To illustrate the concept and give an overview of the taxonomic
composition of various guilds, the 116 most damaging phytophagous arthropods
attacking trees in Quebec, Canada, were classified according to their feeding behavior
on different parts of trees (Hébert et al. 2017) (Table 3.1). Arthropods that feed
on tree foliage are called phyllophagous and they mainly belong to a few higher
orders of insects, which have been able to overcome the defenses of higher plants
(Strong et al. 1984). This is one of the largest group of arthropods found on trees
and the largest single group damaging trees (Ciesla 2011). Overall, 65% of the most
important arthropods attacking trees in Quebec are foliage feeders and 70% of them
are larvae from the orders Lepidoptera and Hymenoptera (mainly sawflies). Among
Lepidoptera, the Tortricidae and Geometridae are the most important phyllophagous
families, with 13 and 7 species out of 40 pest species of trees in Quebec, while
among the Hymenoptera, the Diprionidae and Tenthredinidade account for 8 and
7 species. Other phyllophagous taxa belong to several families of Lepidoptera as
well as to several families of Coleoptera and Hemiptera, which include leaf-miners,
leaf-suckers and gall-makers. Hemiptera often feed on tree sap by inserting their
piercing-sucking mouthparts into most tree tissues. They are most often hidden (Table
3.1) under scales or galls caused by a mechanical disruption of vascular tissues or
a physiological reaction from the tree to insect saliva (Barbosa and Wagner 1989).
Phyllophagous arthropods will be discussed in detail in Chapter 9 and other groups
briefly presented here are treated in Chapters 13—16.

Phytophagous arthropods also include those that feed on woody tissues, which
are dominated by Coleoptera (Table 3.1). Those feeding on nutrient-rich subcor-
tical tissues (phloem and cambium) are called phloeophagous and most belong to
Curculionidae/Scolytinae (see Chapter 10), which are highly host-specific, at least
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Table 3.1 Number of phytophagous arthropod taxa of various orders and feeding exposed or hidden
on different parts of trees in Quebec, Canada

Leaves or needles Shoots or twigs ‘Woody tissues Total
Hidden Hidden Hidden

Order Exposed feeder feeder Exposed feeder feeder Exposed feeder feeder
Coleoptera 5° 2° 3¢ 2¢ 164 28
Diptera 3f 3
Hemiptera 1¢ 52 2¢ S 6>f 19
Hymenoptera 13 30 14 17
Lepidoptera 17* 23° 4eh 14 45
Prostigmata 1¢ 2f 3
Thysanoptera 12 1
Total 38 38 2 12 2 21 116

a-hSee Chapters 9—16
Source of data: Hébert et al. (2017)

at the family level (Novotny et al. 2010). Buprestidae and Cerambycidae also bore
galleries under bark or at the wood surface. Some Scolytinae and Platypodinae,
another subfamily of Curculionidae, belong to a group called ambrosia beetles,
which bore into the sapwood and feed on introduced symbiotic fungi (see Chapter 11).
Insects that bore into the sapwood and even into the xylem are called xylophagous (see
Chapter 12). They have strong mandibles and the most distinctive species belong to
Cerambycidae and Siricidae (Hymenoptera), which are much larger than Scolytinae.
Among wood boring insects, carpenterworms (Lepidoptera: Cossidae) are exceptions
as they belong to an order of predominately phyllophagous insects.

3.2.2 Zoophagous Arthropods

Three types of zoophagous arthropods exist:

1. Predators, adults or larvae (but not necessarily both stages for a species) hunt,
attack, kill and feed directly on prey. Predators are generally not host specific
and they are larger than their prey or attack them in large numbers (e.g. ants).

2. Parasites, feed on a host without killing it. Parasites are generally smaller than
their host and they can live at the expense of both, invertebrates or vertebrates.
They can feed externally (often occasionally, such as mosquitoes) or internally
on the host. Many parasites have claws or hooks to grasp their host, and often
have piercing-sucking mouthparts.

3. Parasitoids, free-living adults locate a host, deposit their eggs on or in it, and larvae
feed on and kill the host at the end of their development. Generally, parasitoids
are smaller than their host and are selective, attacking specific life stages of one
or closely related species.

Zoophagous arthropods from several orders and families feed on phytophagous
and saprophagous arthropods that live in different microhabitats (e.g. canopy, trunks,
litter, etc.). For instance, ladybird beetles, syrphid flies and lacewings prey on aphids
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and other insects in tree canopies while many carabid beetles and spiders are vora-
cious predators of invertebrates on the forest floor. Ants can prey on various arthro-
pods in the tree canopy or at the ground level. Most predators use an active hunting
strategy but web-spinning spiders use a sit and wait hunting strategy in various vegeta-
tion strata (Michalko etal. 2019). In dead and dying trees, predators of phloeophagous
and xylophagous insects belong to several beetle families, Cleridae and Monotomidae
being the most well-known.

Parasitoids are a diverse group of insects with most species belonging to the
Diptera and Hymenoptera. The Hymenoptera have received more attention than
the Diptera and they exhibit sophisticated host selection behaviors which involve
olfactory responses by adult parasitoids to specific semiochemicals emitted by hosts
or by damaged plants (Godfray 1994; Stireman 2002). Host selection is less-well
known in Diptera, but some search visually, responding to host movement, while
their response to plant odors is generally weak (Stireman 2002). Most families of
Hymenoptera use a parasitic mode of life and parasitic Hymenoptera could represent
up to 20% of all insect species (Gaston 1991). However, at least 75% of the para-
sitic Hymenoptera had not yet been described in the early 1990°s (Lasalle 1993).
Recent estimates suggest that Hymenoptera may have 2.5-3.2 times more species
than Coleoptera, and thus, could be the most speciose animal order (Forbes et al.
2018). The Ichneumonidae and Braconidae are probably the most diversified fami-
lies of parasitoids but many poorly known families of micro-Hymenoptera are also
important in regulating arthropod populations. The full spectrum of host specificity
can be found in the Ichneumonidae, with species that attack a single host known
for species of Megarhyssa (Pook et al. 2016) to the highly polyphagous Ifoplectis
conquisitor, which attacks hundreds of Lepidoptera species (Townes and Townes
1960). Natural enemies will be further discussed in Chapter 6.

3.2.3 Saprophagous Arthropods

Saprophagous arthropods which feed on rapidly decaying vegetation such as dead
leaves are called detritivorous while those feeding on slowly decaying vegetation
such as woody debris are called saproxylophagous. With the notable exception of
the ambrosia beetles, arthropods that feed on fungi are traditionally included in the
saprophagous group as they often feed on a mixture of mycelium and dead leaves or
wood. More technically, species feeding on the aerial and visible parts of fungi are
called fungivorous while those which feed on non-visible parts of fungi are either
mycetophagous if they feed on fungal mycelium in the soil/litter or mycophagous if
they feed on molds (Natural Resources Canada 2015). Arthropods feeding on dead
animals are called necrophagous with those feeding more specifically on feces being
called coprophagous or scatophagous.
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3.2.3.1 Soil and Litter Feeders

The soil fauna is usually split among three groups according to their size: microfauna,
which include invertebrates of less than 0.2 mm (mainly nematodes) that live in the
water present between soil particles, mesofauna (0.2—2 mm) to which belong Enchy-
traeidae (not arthropods), Collembola and Acari (both arthropods), and macrofauna
(>2 mm diameter), which include large oligochaetes (earthworms), most insects and
large arthropods such as Diplopoda and Chilopoda (Brussaard et al. 1997; Lavelle
1997). A well-illustrated synthesis on soil organisms and associated food webs is
provided by Zanella et al. (2018).

Generally, mesofauna dominates northern coniferous forests while macrofauna
dominates temperate deciduous and tropical forests (Shaw et al. 1991; Lal 1988).
Densities of 1 million arthropods/m? have been reported in black spruce forest soils
(Behan et al. 1978), with 200,000 arthropods/m2 being common in Canadian soils
(Marshall et al. 1982). Most Acari living in the soil belong to the suborder Cryp-
tostigmata (formerly called oribatid mites), and can account for up to 90% of esti-
mated biomass in coniferous soils (Shaw et al. 1991). Collembola living in humus
are called endogenous while those living in the litter are called epigeous. Endoge-
nous species measure less than 1 mm, have an elongate form, very small appendices
and non-pigmented eyes while epigeous species are larger, often of globular form
and have well-developed appendices and eyes (Dajoz 1998). Collembola and Acari
are wingless but mobility is not a major issue for species feeding on predictable and
abundant resources. Dipterous larvae are also abundant and diverse in forest soils, the
most prevalent families being Sciaridae, Cecidomyidae, Phoridae and Mycetophil-
idae (Hibbert 2010). Earthworms (Oligochaetes) account for the highest biomass
among groups forming the macrofauna and are dominant in Mull humus of temperate
deciduous forests with 5,300 mg/mz, their biomass falling to 200 mg/m2 in Mor
humus (Shaw et al. 1991). In the latter forests, Diplopoda and Chilopoda are preva-
lent (Shaw et al. 1991), while in tropical forests, termites and ants play important
roles, where they are dominant in arid and semi-arid regions while earthworms are
mainly important in humid and subhumid regions (Lal 1988).

3.2.3.2 Dead Wood Feeders

Dead wood is the habitat of numerous saproxylic species, which are defined as
“species that are dependent, during some part of their life cycle, upon the dead or
dying wood of moribund or dead trees (standing or fallen), wood-inhabiting fungi, or
the presence of other saproxylic organisms” (Speight 1989). There is overlap between
arthropods feeding on woody tissues (Sect. 3.2.1) and dead wood, particularly among
phloeophagous species (Stokland 2012). Most bark beetles (Scolytinae) and many
longhorn beetles (Cerambycidae) feed on phloem of moribund trees, which are tech-
nically still alive. These beetles are early colonizers of dead wood and the resource
remains suitable for them until the phloem dries up and the bark gradually comes
off the wood. Xylophagous species include insects of several orders: Coleoptera
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(mainly Cerambycidae), Hymenoptera (Siricidae), Lepidoptera (Cossidae, Hepial-
idae, Sesiidae) and Diptera (Tipulidae and Chironomidae). Many of these species
mainly feed on fungal mycelium involved in wood decay. Species of several families
of Coleoptera (e.g. Ciidae, Anobiidae, Tenebrionidae, Tetratomidae) also feed and
reproduce in bracket fungi, which develop on dead trees, and usually with much
higher levels of host specificity than those feeding on mushrooms (Jonsell and Nord-
lander 2004). Numerous species of various orders also live in tree hollows (Ferro
2018), which highlights the diversity of microhabitats associated with dead wood.

3.2.3.3 Dung and Carrion Feeders

Animals return organic matter to the ecosystem throughout their lives by the dung
or feces they produce and also when they die through their carcasses. Small detritiv-
orous arthropods (e.g. collembola and acari) feed on dead organic matter, which is
often mixed with soil, fungi and bacteria, particularly in advanced stages of decom-
position. Woodlice (Crustacea: Isopods), feed preferentially on feces produced by
Operophthera fagata caterpillars, a Geometrid that feeds on beech (Fagus sylvatica),
rather than on the beech litter itself (Zimmer and Topp 2002).

A specialised fauna composed of larger arthropods develop in vertebrate dung and
carrion, with Scarabaeinae, a subfamily of Scarabaeidae, being the most prevalent
group of coprophagous beetles. They are commonly called dung beetles and are
widely distributed, although they are most diverse in tropical forests where their
burying behavior has been widely studied (Braack 1987). Dung beetle larvae feed
on the microorganism-rich liquid component of dung, mainly of mammals but also
from other vertebrates or from rotting fruits, fungus and carrion (Nichols et al. 2008).

Another type of organic matter provided by vertebrate animals is carrion.
Blowflies (Diptera: Calliphoridae) are usually the first to colonize new carcasses
(Paula et al. 2016) but over 20 families of flies feed in vertebrate carcasses (Payne
1965). Flies have good flight ability, and have developed efficient host selection
behavior primarily based on olfactory and visual stimuli associated with carcasses.
Conversely, ants and beetles are typically generalists that exploit carrion opportunis-
tically, have a more limited dispersal capacity and often use habitat features for
orientation (Barton and Evans 2017).

The most common beetles feeding on carrion belong to the family Silphidae. In
addition to feeding on carrion they also prey on other species exploiting carrion.
There are two subfamilies of Silphidae with different biologies. More is known
about the Nicrophorinae, or burying beetles, than about the Silphinae because of
their unusual behavior. One of the most striking behaviors of burying beetles is their
reproductive cooperation and the extended adult biparental care of their progeny
(Scott 1998), which is not observed in Silphinae. Nicrophorinae breed and feed in
small carcasses such as mice and birds (<300 g), while Silphinae breed and feed
in large carcasses where they compete with blow flies (Dekeirsschieter et al. 2011).
Adult Nicrophorinae use olfactory stimuli to locate carrion (Scott 1998). Vertebrate
carcasses are rare and unpredictable spatially and temporally. Progeny care in burying
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beetles may be an adaptation to maximize fitness in these habitats (Scott and Gladstein
1993). When a carcass is located, males and females work together to move it to a
suitable environment and dig beneath it to bury the carcass and prepare it as food
for their progeny (Scott 1998). Because of the low number of available carcasses,
several adult pairs may converge on fresh carcasses. If a carcass is large enough
to support reproduction by several adult pairs, burying beetles work cooperatively
to bury the carcass. If the carcass is too small, intraspecific fights occur and only
the winners will reproduce. The burial chamber varies from a simple depression
under leaf litter up to 60 cm underground (Scott 1998). Burying the carcass protects
it from fly colonisation (Suzuki 2000) and reduces detection by other competitors
(Shubeck 1985; Trumbo 1994). Beetles remove feathers or hair, shape the carcass
as a ball and take care of it through regular cleaning and depositing anal and oral
anti-microbial secretions, which suppress fungal and bacterial growth (Suzuki 2001)
and reduce rates of decomposition (Hoback et al. 2004). Eggs are laid nearby and the
newly hatched larvae require parental care for feeding (Scott 1998). About 75 species
belong to the genus Nicrophorus, which is only present in the northern hemisphere
(Scott 1998).

3.3 Functional Roles and Ecosystem Services

Arthropods are involved in nearly all ecological processes that drive ecosystem func-
tioning (Jones etal. 1994). However, they represent less than 0.2% of the total biomass
on the planet, dwarfed by plants, microbes and fungi (Bar-On et al. 2018). Uncer-
tainty exists whether they are important drivers of ecological processes or whether
they play only minor roles (Schmitz et al. 2014; Yang and Gratton 2014). The func-
tional importance of arthropods in ecological processes has primarily been assumed
and not based on experimental work quantifying the value of these functions. The
few studies that do exist have primarily been conducted in agroecosystems (Noriega
et al. 2018).

Arthropods are primary (herbivores) and secondary (carnivores) consumers in the
food chain and thus, they depend on the production of primary producers, mainly
trees in forest ecosystems. Thus, biomass transformation of living and dead plants
and animals appears to be the most important functional role of arthropods in forest
ecosystems (Yang and Gratton 2014) and as a result, they are involved in nutrient
cycling and energy fluxes. These important ecosystem services are critical to ensure
forest productivity but they are often overlooked. Apart from this central role in
ecosystem functioning, arthropods are also involved in promoting plant reproduction
through pollination and seed dispersal. Combined with insects that kill trees over
wide areas, which strongly modify environmental conditions, these phytophagous
insects influence forest succession. Secondary consumers (predators and parasitoids)
account for a large part of forest arthropod diversity (Strong et al. 1984) and they are
instrumental in regulating food webs.
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Noriega et al. (2018) defined ecosystem services as “the beneficial functions
and goods that humans obtain from ecosystems, that support directly or indirectly
their quality of life”. Arthropods provide ecosystem services in all categories recog-
nized by the Common International Classification of Ecosystem Services (CICES),
i.e. regulation and maintenance (pollination, biological control, recycling organic
matter), provisioning and cultural services (Ameixa et al. 2018). Pollination, biolog-
ical control, recycling organic matter, and food provisioning have been the most
studied ecosystem services but arthropods also provide cultural services, whether
they be religious, artistic or recreational (Noriega et al. 2018). The latter includes
hunting, fishing and wildlife observation, activities in which insects, as food sources,
are estimated to account annually for $2.7 billion in USA alone (Losey and Vaughan
2006). Insects are also used in arts and crafts, as cultural icons or religious symbols,
and are often associated with tourist destinations (e.g. the Monarch Butterfly Reserves
in Mexico) (Schowalter et al. 2018).

Although arthropods play key roles in the regulation and maintenance of several
ecosystem services, these roles are usually assumed and their value has rarely been
quantified experimentally (Noriega et al. 2018). Losey and Vaughan (2006) were the
first to estimate the economic value of ecosystem services provided by insects to
be at least $57 billion annually in the United States and this only considers four
ecosystem services provided by “wild” and native insects, for which data were
available: pollination, pest control, wildlife nutrition and dung burial.

3.3.1 Regulating Primary Production

Phyllophagous arthropods feed on highly nutritious tissues, which are the basis of
tree photosynthesis, namely leaves (Vergutz et al. 2012) and needles (Moreau et al.
2003). A low rate of herbivory stimulates primary production in natural forests
while a high rate suppresses it (Mattson and Addy 1975). Defoliation of mature
trees increases sunlight penetration to understory trees and saplings, which typically
increase their growth as competition for light from overstory trees decreases (Mattson
and Addy 1975). Moderate defoliation (<50%) from Orgyia pseudotsugata stim-
ulates Douglas-fir growth (Alfaro and Shepherd 1991), compensating for losses of
severely defoliated trees. Herbivory appears to reduce variation in primary production
and helps maintain it at intermediate levels (Schowalter 2012). Indeed, phytophagous
insects have been presented as “regulators” of forest primary production (Mattson
and Addy 1975; Belovsky and Slade 2000; Schowalter 2012), but this should be
considered over long time intervals (see Sect. 3.4.2).
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3.3.2 Decomposition and Nutrient Cycling

3.3.2.1 Insect Feces and Cadavers

Phyllophagous insects contribute to the cycling of rich organic matter produced by
trees. Their feces provide high quality but ephemeral nitrogen pulses to soils, which
are rapidly recycled by soil biota and assimilated into the foliage, often within the
same season (Belovsky and Slade 2000; Frost and Hunter 2007). Zimmer and Topp
(2002) recognized a “fast nutrient cycle” for feces of phytophagous animals (sensu
McNaughton et al. (1988) who studied vertebrate herbivory in African grasslands)
and a “slow cycle” for leaf litter and wood decomposition (plant material). Indeed,
microbial degradation of Operophthera fagata feces took approximately half the
time of beech leaf litter in microcosms (Zimmer and Topp 2002). Moreover, the
addition of woodlice (isopods) tripled the rate of mass loss for both feces and litter.
In fact, meso and macrofauna often reingest their faecal pellets a few days after
deposition (Hassall and Rushton 1982). They then absorb organic compounds that
have been released by microbial activity (Lavelle 1997). This is considered as a type
of mutualism and referred to as external rumen digestion (Swift et al. 1979). Internal
rumen digestion also exists in earthworms, termites and, to a lesser extent ants, as
they interact internally with micro-organisms to produce various organo-mineral
structures (Lavelle 1997).

Phyllophagous insects also return nutrients to the detritus pool when they die
(Gessner et al. 2010). For instance, during outbreaks, insect cadavers are a major
pulse of resources for detritivorous communities. However, models of ecological
processes rarely consider this resource. Indeed, many predators are in fact omnivores
and predation rates are often inflated in food-web research while scavenging is largely
underestimated (Wilson and Wolkovitch 2011). For instance, ants are active scav-
engers of entomopathogenic nematode-killed insects (Baur et al. 1998) and it has been
estimated that they account for 52% bait removal in tropical rain forests (Griffiths
et al. 2018). This is particularly important as no other scavenger group compensated
when ants were excluded, indicating a low functional redundancy of this important
ecological role. Ants are estimated to make up 25% of animal biomass in tropical
forests (Holldobler and Wilson 1990) and are recognised as ecosystem engineers
(Folgarait 1998). In North American temperate forests, the 17-year periodical emer-
gence of cicadas (Magicicada spp.) provides a massive addition of insect cadavers
and this increases bacterial and fungal abundance by 12 and 28% respectively (Yang
2004). The herbaceous plant Campanulastrum americanum then produce 9% larger
seeds, highlighting the reciprocal links between above and belowground compo-
nents of the ecosystem. Cicadas have patchy distributions and these resource pulses
generate spatial and temporal heterogeneity in ecosystems (Yang 2004).
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3.3.2.2 Leaf Litter

Less than 10% of the foliage produced by trees is consumed by phytophagous arthro-
pods, over 90% entering the detritus pool as leaf litter (Gessner et al. 2010). Stan-
dardized litter types used in 336 sites across 9 biomes, showed that litter quality
explained 65% of the variability in the early stages of decomposition, climate only
having a significant effect when data were aggregated at the biome scale (Djukic
et al. 2018). A meta-analysis also carried out at the biome scale showed that abiotic
conditions controlled decomposition in cold and dry (harsh conditions) biomes while
soil fauna had an important role in warm and wet (mild conditions) biomes (Garcia
Palacios et al. 2013). In tropical ecosystems, climate is likely less important than soil
macrofauna (Gonzalez and Seastedt 2001).

Soils are usually classified according to their physical and chemical properties, but
they are regulated by complex interactions among the soil biota (Brussaard etal. 1997;
Barrios 2007; Schmitz et al. 2014). Decomposition of dead organic matter involves
the physical fragmentation of dead organic matter through feeding by arthropods and
other invertebrates. This increases the surface/volume ratio of dead organic matter,
which enhances fungal and microbial activity, releasing nutrients and making them
readily available to plants (Barrios 2007). The decomposition of dead organic matter
by living organisms and the progressive incorporation of released nutrients into the
pool available in soils is at the basis of forest primary production and thus central to
forest ecosystem functioning (Swift et al. 1979). Nevertheless, dead organic matter
is rarely considered in ecological models and when included, it is usually treated as a
single resource (detritus) that does not vary. However, nitrogen content varies widely
among different types of dead organic matter (Fig. 3.3) and decay rates increase with
nitrogen content. For instance, dead wood takes decades to decompose (Harmon
et al. 1986) compared to months or years for leaf litter and days or weeks for animal
dung and carrion (Wilson and Wolkovitch 2011).

3.3.2.3 Dead Wood

Severe and repeated defoliation by phyllophagous insects often results in tree death
over wide areas. Before dying, trees progressively weaken and become vulnerable to
wood feeding insects called secondary insects as they usually colonize trees physio-
logically stressed by another agent. This has been observed during and after spruce
budworm (Belyea 1952a, b; Régnier 2020) and hemlock looper outbreaks (Béland
etal. 2019). Stressed trees may emit volatiles that are attractive to secondary insects
(Faiola and Taipale 2020) and thus, the functional role of secondary insects in
forest ecosystems is to accelerate death of weakened trees and initiate the process
of wood decomposition. Secondary insects generate openings in forest stands and
thus increase ecosystem heterogeneity and promote plant succession. As herba-
ceous plants, shrubs and tree seedlings compete for light and nutrients, it results
in complex successional dynamics that characterize different forest types. In natural
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Fig. 3.3 Nitrogen content (% of dry weight) of various types of dead organic matter, both from
animal and plant origin. Data from Parmenter and MacMahon (2009)—vertebrate carrion; Rafes
(1971)—insect cadavers and insect feces; Holter and Scholtz (2007)—vertebrate dung; Taylor et al.
(1989)—litter, deciduous and conifers; Piaszczyk et al. (2020)—deadwood

forest ecosystems, such dynamics also ensure continuity in dead wood stocks, which
is important for maintaining diversity of saproxylic arthropods (Grove 2002).

The greatest amount of forest biomass is stored in woody tissues (Dajoz 1998) and
thus wood decomposition after tree death is an important ecological process in forests
(Harmon et al. 1986). Bark is a major physical barrier to the establishment of fungi,
among which basidiomycetes are instrumental for decomposing the various structural
components of wood (Strid et al. 2014). The first insects to colonize dying or recently
dead trees are phloem feeders (Ulyshen 2016), and they bore holes through the bark
to breed and feed on the nutritious phloem beneath the bark. Many woodboring
insects transport fungi beneath the bark and their boring also provides access for
fungi. Obligate insect-fungus mutualism increases the probability that fungi reach
a suitable substrate (Birkemoe et al. 2018). Insects that have developed obligate-
mutualisms with fungi, such as ambrosia beetles, are known to farm fungi within
their galleries. These fungi possess wood-degrading enzymes which make essential
nutrients from the wood available for insects. Similarly, the symbiotic fungi of wood
wasps (Siricidae) serve as an “external rumen” for insects (Birkemoe et al. 2018).
They produce enzymes that digest lignocellulosic compounds in the wood, which are
then ingested by growing larvae (Thompson et al. 2014; Kukor and Martin 1983).
According to Filipiak and Weiner (2014), wood-feeding insects are in fact fungivo-
rous species or at least xylomycetophagous as their wood diet is supplemented with
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fungi found in decaying wood. Without the essential nutritional elements provided
by fungi, they estimated that the cerambycid Stictoleptura rubra would need between
40 (males) to 85 (females) years to develop into an adult.

Bark beetles also defecate under the bark, thus providing rich organic matter
which contributes to fungal and microbial growth (Birkemoe et al. 2018). By feeding
on the protein-rich subcortical tissues at the phloem/cambium interface and inocu-
lating fungi, early colonizing bark beetles accelerate bark loss of dead trees (Ulyshen
2016), which is a type of insect-mediated ecosystem engineering (Birkemoe et al.
2018). Tunneling by wood-boring insects provides access into the xylem for fungi
and improves aeration, which increases rates of decomposition (Dighton 2003). In
temperate deciduous forests, bacterial and fungal densities increase with decay stages
and reach their maximum during the “invertebrate channelization” stage. This stage
occurs when logs are colonized by termites, carpenter ants and Passalid beetles which,
as a community, can regulate the process of wood decomposition (Ausmus 1977).

A recent experimental study on the contribution of insects to forest deadwood
decomposition, carried out in 55 sites on six continents, estimated that insects account
for 29% of the carbon flux from deadwood, highlighting their functional importance
in the process of wood decomposition (Seibold et al. 2021). Direct and indirect
effects of insects accelerate decomposition in tropical forests but have weak positive
or negative effects in temperate and boreal forests (Seibold et al. 2021). Termites and
fungi are the most important determinant of wood decay in tropical regions while in
temperate and boreal forests it appears to be moisture (Gonzélez et al. 2008).

3.3.2.4 Vertebrate Dung and Carrion

By dispersing and incorporating vertebrate dung into the soil, dung beetles are
involved in nutrient cycling, soil aeration, seed burial and parasite suppression.
Several experimental studies have linked dung beetle effects on soil structure and
nutrient content to increases in plant height and above-ground biomass (Nichols et al.
2008). Their activity increases soil porosity and soil water retention, which allevi-
ates water stress on plants, even during a severe drought (Johnson et al. 2016). The
effects of dung beetles on nutrient availability and ultimately plant growth may rival
chemical fertilizers in agriculture. Further research is thus needed, particularly in
tropical forests, where dung beetles can transfer mammal feces into the soil within
a few hours (Slade et al. 2007).

Vertebrate carcasses do not provide major pulses but a rather low and steady
supply of resources as it represents less than 1% of the overall nutrient budget of
ecosystems (Hoback et al. 2020). However, locally, they significantly improve soil
conditions. Carrion has a higher nutritional value than dung as the latter is composed
of metabolic waste products and undigested remains of the original food (Frank
et al. 2017). Vertebrate carrion decomposes faster than plant material as carrion N
content (6—12%) is much higher than for plant litter (typically 1-2%) (Parmenter and
MacMahon 2009). In tropical regions, blow flies can eat all soft-tissues of a carcass
within four days during warm weather (Braack 1987). The decomposition of a carcass
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produces an island of soil fertility, which increases stand heterogeneity. Soil nitrogen
increases significantly under carcasses and large ones modify soil temperature, mois-
ture and physical structure. Roots of neighboring plants that reach the modified soil
area are influenced by these new micro-environmental conditions, which produce
a “halo” effect (Parmenter and MacMahon 2009). Nutrients can be dispersed by
insects, mainly ants and burying beetles, while bacteria and fungi may only increase
nutrients in the soil under the carcass (Barton et al. 2013).

3.3.3 Seed Dispersal

Myrmecochory, or ant-mediated seed dispersal, is a widespread mutualistic inter-
action between ants and plants (Wenny 2001; Ness and Bressmer 2005). Seeds of
myrmecochorous plants have lipid-rich appendages called elaiosomes, which are
highly nutritious and attractive to ants (Ness and Bressmer 2005). Ant workers harvest
seeds of these plants and bring them back to their nests. Unlike vertebrate frugivores
which eat fruit pulp before dispersing seeds randomly, often far from the parent
tree, ants typically disperse seeds over shorter distances but in more predictable and
rich habitats, i.e. their nests (Wilson and Traverset 2000). The rich elaiosomes are
then provided to the developing progeny and seeds are simply abandoned in the
nest or discarded in middens outside the nest (Wenny 2001). This produces rich
micro-environments where nutrient concentration is higher than in the surrounding
soil, often resulting in higher rates of seed germination and seedling growth (Wenny
2001). It has also been suggested that ants could be responsible for seed arrival in
rich and humid substrates favorable to seed germination and seedling growth, such as
pits and rotting logs (Wenny 2001). By harvesting seeds, ants make them unavailable
to vertebrates, lower the density of seeds beneath trees and, ultimately, increase seed
germination rates and reduce competition among seedlings. Seed dispersal by ants
is an important mechanism for increasing tree reproduction, particularly in tropical
and temperate forests (Wilson and Traverset 2000).

3.3.4 Pollination

It has been estimated that 87.5% of angiosperms are pollinated by animals, ranging
from 78% in temperate-zone communities to 94% in tropical ones (Ollerton et al.
2011). Most plants in tropical forests are pollinated by insects, with bees being the
most important group of pollinators (Bawa 1990). Medium to large-sized bees are
important in the forest canopy while small bees are prevalent in the subcanopy and
understory (Bawa et al. 1985; Bawa 1990). Moths are the second most important
pollinators in tropical forests, with sphinx moths being particularly active in the
subcanopy (Bawa et al. 1985). Surprisingly, little is known about fly pollination in
tropical forests (Bawa 1990). Bees dominate in tropical forests but flies outnumber
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bees in both diversity and abundance as pollinators in cold regions (IPBES 2016).
Although Diptera are known as the second most important order of insect pollinators,
their role in pollination has been unappreciated (Larson et al. 2001; Orford et al.
2015). In recent years, concern has been expressed about the conservation of wild
pollinators in North American forests and literature reviews have revealed significant
knowledge gaps on forest pollinators (Hanula et al. 2016; Rivers et al. 2018).

3.3.5 Top-Down Regulation of Phytophagous Arthropods

Phytophagous arthropods experience strong selective pressures from the trees on
which they feed (bottom-up pressure) and from organisms that feed on them (top-
down pressure), including numerous invertebrate predators and insect parasitoids. A
meta-analysis of the population ecology of phytophagous arthropods suggests that
top-down forces have stronger effects than bottom-up forces, for chewing, sucking or
gall-making arthropods (Vidal and Murphy 2018). Natural enemy communities can
be complex and often overlap among arthropods. For example, the spruce budworm,
Choristoneura fumiferana (Clemens) (Lepidoptera: Tortricidae) is an important pest
of conifers in North America and part of a complex food web in which most para-
sitoids have at least two generations per year and need alternate hosts to complete
their life cycle (Eveleigh et al. 2007). Requiring an alternate host limits the regulating
potential of a parasitoid (Maltais et al. 1989), but parasitism by M. trachynotus was
reported to increase up to 50% near the end of most outbreaks (McGugan and Blais
1959; Blais 1960). This may result from a slower development of the spruce budworm
near the end of outbreak (Wilson 1973), which widens the window of availability of
budworm larvae to parasitoids (Hébert 1989). Budworm larvae develop slower when
they are affected by sublethal doses of a microsporidian (Bauer and Nordin 1989) or
when they feed on needles with higher fiber content (Bauce and Hardy 1988), both
of which become more common as outbreaks progress.

Egg parasitoids can be efficient natural enemies of phyllophagous insects but
their importance for regulating pests has been overlooked in the past because of
our poor knowledge of their biology and systematics (Anderson 1976). Some of the
most efficient egg parasitoids of forest defoliating Lepidoptera belong to the genus
Telenomus (Hymenoptera: Platygastridae) (Anderson 1976; Bin and Johnson 1982;
Hirose 1986; Orr 1988), which have contributed to the collapse of outbreaks of several
lepidopteran pests (Hébert et al. 2001). These ecosystem services were overlooked
for decades for the hemlock looper, Lambdina fiscellaria (Guenée) (Lepidoptera:
Geometridae). A systematic study showed that previous identifications (7. dalmani)
were incorrect and that three species were attacking the looper, one of these being
new to science (Pelletier and Piché 2003). Moreover, most attacks were recorded in
spring (50—100% parasitism), rather than fall (<3%) (Hébert et al. 2001). However,
egg parasitism was estimated from fall eggs, when overwintering hemlock looper
populations were sampled as part of control programs (Otvos and Bryant 1972; Otvos
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1973; Hartling et al. 1991). Fall estimates only provided a partial estimate of egg
parasitism.

Arthropod predators are also involved in the natural regulation of phytophagous
arthropods, but they have been much less studied than parasitoids. However, Holling
(1961) provided an excellent conceptual framework for the response of predators to
prey species. The type II functional response, in which predators respond strongly
to increasing prey density to a saturation level, is most common in predatory insects
and parasitoids. The regulatory potential of predators then depends on the searching
capacity and the attack rate but also involves handling and ingestion times. The
behavior of a predator is thus important when evaluating its potential as a natural
control agent. For instance, the carabid Calosoma frigidum Kirby kills more larvae
of the spongy moth, Lymantria dispar L. (Lepidoptera: Erebidae) that it eats (Hébert
1983). Similarly, in Europe, an adult Calosoma sycophanta can annually kill up to
280 pine processionary moth larvae (Kanat and Mol 2008) or 336 larvae or pupae
of the spongy moth (Dajoz 1998). This killing/feeding behavior is often observed
in carabids when prey populations are abundant, and with their mobility, this make
them efficient predators of pest insects (Allen 1973).

Ants are omnivores but in some instances they were shown to be important primary
predators of insect pests. They contributed up to 80% predation of prepupae of
the spruce budmoth, Zeiraphera canadensis Mutuura and Freeman (Lepidoptera:
Tortricidae), in young white spruce plantations in Quebec (Pilon 1965; Hébert 1990).
They were opportunists as prepupae fall to the ground during about one hour each
day in late afternoon for about one week. Once on the ground, prepupae rapidly
wander through the litter to find a hidden location for pupation, 50% being no longer
visible after 90s (Hébert 1990). Ants are social insects that use pheromone trails to
rapidly locate food sources. This behavior explains their success in taking advantage
of suddenly available resources.

Spiders are probably the most abundant and diverse group of generalist predators
in terrestrial ecosystems and there is growing evidence that their communities play
key roles in limiting arthropod populations (Riechert and Lockley 1984; Michalko
etal. 2019). They consume up to 800 million metric tons of prey annually and they are
also prey for other animals, attesting to their important functional role in food webs
and ecological processes (Oxbrough and Ziesche 2013; Nyffeler and Birkhofer 2017).
Spiders limit population growth of soil invertebrates and stabilize their populations
(Clarke and Grant 1968) and through complex interactions with microarthropods,
litter and fungi, they can slow down or speed up litter decomposition by preventing
overgrazing of fungal populations (Lawrence and Wise 2004).

3.3.6 Food Provisioning and Medicines

Over 50% of bird food requirements are fulfilled by insects (Ollerton et al. 2011),
but food provisioning to humans is another ecosystem service provided by forest
insects for which interest is rapidly increasing. Historically, most insects consumed
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by humans were harvested from trees or wood (Schabel 2010), attesting for the
importance of forest conservation. Insects are 5 times more efficient than beef cattle
at converting vegetation into tissues that can be consumed by others and as result, they
could help reduce the human environmental footprint (Durst and Shono 2010). In
addition to the nutritional value of insects, entomophagy could secure food supply for
rural populations, reduce poverty and generate income (Schabel 2010). Entomophagy
may need reduced pesticide use, reduced logging and thus favor biodiversity conser-
vation of natural forests (DeFoliart 2005). For example, in the 1980’s, the Native
Paiute community succeeded in stopping US governmental agencies from spraying
insecticides against Pandora moth caterpillars (Coloradia pandora), a Saturniid defo-
liator of pines, which is also a traditional food for this community (DeFoliart 1991).
Edible Saturniid caterpillars are also of great value to indigenous cultures in Zambian
forests, where the activity of harvesting caterpillars is ritually regulated (Mbata et al.
2002), attesting for the importance of this provisioning ecosystem service. In Thai-
land, forest insects are a preferred food source of local people, not just a cheap,
nutritious and environmentally-responsible food source (Durst and Shono 2010).

Arthropods also have medicinal properties (Meyer-Rochow 2017). Recently, some
novel antimicrobial anionic cecropins were found in the spruce budworm and could
provide templates for the development of new anticancer drugs (Maaroufi et al. 2021).
It has been suggested that systematic screening of forest insects would undoubt-
edly yield more species for entomophagy and medicine similar to bioprospecting in
fungi and plants which has resulted in the identification of numerous new medicinal
compounds.

3.4 Effects of Natural Disturbances on Forest Arthropods

Natural forests are dynamic ecosystems that always change as a result of tree growth
and death and arthropods respond rapidly to these changes. Tree death is probably the
most important mechanism for maintaining biodiversity in old forests as it produces
gaps which increase light penetration to the forest floor and initiates succession
(Watkins et al. 2017). Gap dynamics have been documented for both tropical and
boreal forests and in both cases over 65% of the gaps were smaller than 100 m?
(Brokaw 1982; Pham et al. 2004). Vegetation gradually recovers in these gaps and
because gaps of varying sizes are added each year, they generate high levels of
heterogeneity, especially in old-growth stands in which dead tree recruitment is
continuous. In old-growth boreal forest, the richness of ground-dwelling beetles
is best predicted by the composition component (i.e. number of tree species) of
heterogeneity at the stand scale while richness of flying beetles is rather linked
to the combined influence of structural (i.e. number of tree diameter classes) and
compositional heterogeneity at both the stand and landscape scales (Janssen et al.
2009).

Forest ecosystems are also driven by stand-replacing natural disturbances which
kill trees over large areas. They are caused by abiotic or biotic factors, which alter
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Table 3.2 Comparison of conditions generated by abiotic and biotic disturbances for arthropods

Abiotic disturbances Biotic disturbances
Spatial and temporal * Can be forecasted few hours or |+ Can be forecasted several weeks
predictability days before the event or months before with efficient
monitoring
Time duration » Last few hours or days; kill » Last months or years; kill trees
most trees in a short period of progressively over a long period
time of time
Selectivity » Affect all tree species to varying | * Affect only host tree species
degrees
« Kill all types of trees, including | » Kill weak trees first, healthy
healthy ones ones dying only later
Soil disturbance * Physically disturb soils * Do not physically disturb soils

environmental conditions and forest attributes in specific ways (Table 3.2) to which
arthropod communities respond differently.

3.4.1 Abiotic Disturbances

Forest fires are probably the stand-replacing natural disturbance that has been most
studied by forest ecologists and entomologists and contrary to popular belief, burned
forests are not biodiversity deserts. For instance, the number of beetle species caught
in recently burned boreal forests is more than twice that in unburned forests (Saint-
Germain et al. 2004; Johansson et al. 2011). Certain insects have developed the ability
to exploit recently burned trees, a resource that becomes available in large amounts
after wildfire. Insects may be attracted to burned trees using cues coming from them
(e.g. smoke). For example, the buprestid Melanophila acuminata uses paired pit
sensory organs located on its mesothorax to detect infrared radiation (Evans 1964).
This beetle may use these organs to locate burns from as far away as 5 km (Evans
1966). Moreover, this buprestid has antennal receptors that respond to methoxylated
phenols released during the incomplete combustion of lignin (Schiitz et al. 1999).
Pyrophilic habits have been reported in several other insect orders: Hemiptera with
Aradus (Aradidae) flat bugs (Wikars 1997a), Diptera with Microsania (Platypezida)
smoke flies (Komarek 1969) and Lepidoptera with the Black Army Cutworm, Actebia
fennica (Noctuidae) (Everaerts et al. 2000). Thus, several insects can take advan-
tage of recently burned forests, making them unique habitats for specialised insect
communities.

Not all beetles found in recently burned forest are “burned forest specialists”
(Muona and Rutanen 1994) or “pyrophilic” species (Wikars 1997a, 2002; Saint-
Germain et al. 2004). Some species found in recent burns are simply opportunists
that take advantage of an abundant resource. For example, Monochamus scutellatus,
which is abundant in burned trees, is also commonly found in trees stressed by insect
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outbreaks (Régnier 2020), windthrows (Murillas Gémez 2013) and after logging
(Bloin 2021). However, other species are closely associated with burned forests and
are rarely found elsewhere. For instance, the small predator Sphaeriestes virescens
LeConte (Coleoptera: Salpingidae) peaks one year postfire and then declines in abun-
dance as time elapses (Jeffrey 2013). The Cerambycidae Gnathacmaeops pratensis
(Laicharting), which is red-listed in Europe (as Acmaeops pratensis; Moretti et al.
2010) and rarely found in unburned boreal forests of eastern Canada, is also closely
associated with wildfire. Unlike S. virescens, the strength of the relationship between
G. pratensis and burned forests increases as time elapses (Boucher et al. 2012). Such
species might become an interesting indicator of sustainable management in burned
boreal forests (Boucher et al. 2016). The current hypothesis used to explain these
pulses in insect populations is that forest fires generate optimal conditions for species
associated with burns, and that these population increases could be important to main-
tain low insect populations in unburned forests until the next fire event. This suggests
that species associated with burned forests have strong dispersal capacity as wildfires
are stochastic unpredictable events (Wikars 1997b).

The bark provides efficient insulation against heat and phloem tissue often remains
nutritious for many insects, particularly for trees with thick bark, or when burn
severity is low to moderate (Cadorette-Breton et al. 2016). Indeed, burn severity is
a determinant variable for predicting successful beetle colonization (Azeria et al.
2012; Boucher et al. 2012, 2016, 2020; Boulanger et al. 2010, 2013). Colonization
by large numbers of phloeophagous and xylophagous insects is the first step in
insect succession after a wildfire and it promotes secondary succession and wood
decomposition (Boulanger et al. 2011). In the boreal forest, post-fire ant colonization
of burned woody debris is positively related with woodborer boring activity and it
influences decomposition as indicated by lower C:N ratios compared to uncolonized
woody debris (Boucher et al. 2015).

Windthrow, another important abiotic disturbance, is less prevalent than fire in
boreal forests but it is the most important driver of European temperate forest
dynamics (Wermelinger et al. 2017). Climate change will likely favour more frequent
and severe windstorms and as a result, windthrows will increase the amount of dead
wood in forest landscapes. In addition to making dead wood available for arthropods,
windthrows generate gaps which stimulate vegetation growth and promote the growth
of flowering herbaceous plants that many saproxylic arthropods feed on to mature
their eggs. Species assemblages differ between gaps and non-gap areas (Bouget and
Duelli 2004), and twice as many species were found in windthrows than in undis-
turbed forests (Wermelinger et al. 2017). In Switzerland, during the first 10 years
after a windthrow event, longhorn and buprestid beetles were 30-500 times more
abundant and species richness was 2—4 times higher than in non-affected portions of
the forest (Wermelinger et al. 2002). Overall arthropod richness increased by 17%
and original species composition did not show any sign of recovery 10 years after
the storm event (Duelli et al. 2002), indicating that windthrows initiate new succes-
sions that may have long lasting effects on biodiversity. Sun-exposed snags and large
woody debris observed in windthrow gaps are rarely found in managed stands. In
Sweden, where forests are managed intensively and dead wood has rarefied, 59%
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of the 542 red-listed saproxylic invertebrates prefer sun-exposed sites (Jonsell et al.
1998). Windthrows also provide important habitat for wildlife including nesting
sites for Megachiliid bees (Warren and Key 1991) and shelter for many overwin-
tering invertebrates (Alexander 1995). As windthrow provides abundant resources
to saproxylics, it facilitates population growth and rare species can become more
apparent (Wermelinger et al. 2002). Extensive windthrows have positive effects on
the abundance of 20% of Swedish red-listed beetles and negative effects on only 4%
(Berg et al. 1994).

Trees may be weakened by several agents among which drought is one of the
most widely known. In many parts of the world, drought has become more frequent
in recent decades, as a consequence of ongoing climate change (Moore and Allard
2011). By reducing root water uptake, drought induces stress for trees, mainly those
which have shallow rooting systems. As a result, tree seedlings and saplings are much
more vulnerable to drought than mature trees which have deeper rooting systems.
Forest stands growing on shallow soils are also more susceptible to water deficits
(Moore and Allard 2011). However, these general patterns may vary according to tree
species. For example, after an extreme 4-yr drought in California, native bark beetles
were instrumental in killing trees but important differences were noticed between tree
species. Bark beetles killed mature pines regardless of their level of decline while the
most affected firs were killed regardless of their age (Stephenson et al. 2018). Other
extreme weather events linked with climate change will likely stress and weaken trees,
making them more susceptible to secondary insects, including flooding and excessive
rainfall that saturates poorly drained soils, leading roots to suffocate. Physical damage
to roots or disturbances that interfere with water and nutrient uptake may result in
tree dieback, thus increasing susceptibility and vulnerability to secondary insects.

3.4.2 Biotic Disturbances

Insect outbreaks are the most common biotic disturbance but their ecological impacts
have received much less attention than their control. Like other types of disturbances,
by killing trees, insect outbreaks influence forest structure and composition. Their
impacts vary according to their severity, which in turn vary with forest composition
(De Grandpré et al. 2018). These reciprocal interactions between forests and insect
pests result, at the landscape scale, in forest mosaics with variable levels of hetero-
geneity. This is true in the boreal forest with the spruce budworm and the Mountain
Pine Beetle, Dendroctonus ponderosa Hopkins (Coleoptera: Curculionidae) but also
in temperate and Mediterranean forests where outbreaks from other species also
occur but over smaller areas because of greater fragmentation of forest matrices.
Tropical forests, previously thought to be free of outbreaks (Elton 1958), are also
affected by insect outbreaks, but they are likely less frequent and extensive, as high
tree diversity reduces risk (Dyer et al. 2012).

Few studies have documented the effects of biotic disturbances on insect commu-
nities. Those who did used flight interception traps 3 to 15 years after the outbreak.
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Only weak responses have been reported from saproxylic beetles (Barnouin 2005;
Vindstad et al. 2014). The impact of the two most damaging insect defoliators in
Canada, the spruce budworm and the hemlock looper, differ. Both insects affect
balsam fir but they produce different temporal patterns of tree mortality (Fig. 3.4).
The spruce budworm feeds mainly on current-year foliage and tree mortality begins
only after 4-5 years of heavy defoliation, following a progressive weakening of trees
(MacLean 1980). Once tree mortality begins in a stand, it continues for up to a decade
and even more (Taylor and MacLean 2009). On the other hand, hemlock looper
larvae feed on needles of all age classes without eating them completely (Hébert and
Jobin 2001; Igbal and MacLean 2010). Affected needles then dry and fall in late
summer-early fall. If trees are heavily defoliated, they may even die after a single
year of defoliation (Fig. 3.5). As tree mortality is spread over a longer period during
spruce budworm outbreak, the window of availability of suitable trees for secondary
insects is much longer than during hemlock looper outbreaks. Greater diversity in
arthropod communities is expected from disturbances that generate greater hetero-
geneity. For instance, the striped ambrosia beetle, Trypodendron lineatum (Olivier),
was the only species to respond to balsam fir affected by the hemlock looper (Béland
et al. 2019) while it was secondary to a melandryid, a sirex and another bark beetle
in firs affected by the spruce budworm (Belyea 1952a, b; Régnier 2020).

The Cerambycid Monochamus scutellatus is also found in trees killed by the
spruce budworm and the hemlock looper, but in much lower abundance than in trees
killed by fire. The dominance of Cerambycidae, including M. scutellatus, in burned

== \Vildfire
== Hemlock Looper outbreak

== Spruce budworm outbreak

% Killed trees

Years after disturbance

Fig. 3.4 Temporal patterns of tree mortality for three different natural disturbances in eastern
Canada. Photos of insect outbreaks from C. Hébert and of wildfire from S. Bélanger (reprinted with
permission of C. Hébert and S. Bélanger)
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Fig. 3.5 Young stand of white spruce regenerating 20 years after a severe outbreak of the hemlock
looper in an old-growth balsam fir stand on Anticosti Island. Photo from C. Hébert (reprinted with
permission of Le Naturaliste Canadien and C Hébert)

trees, may be explained by the Jarman-Bell principle, a concept in herbivore nutri-
tional ecology which states that the body size of herbivores is negatively correlated
with diet quality (Steuer et al. 2014). After severe wildfire in boreal forests, large
Cerambycidae dominate the habitat and small bark beetles are much less abundant.
After insect outbreaks the reverse is true, suggesting that subcortical food quality
might be poor after fire. Wood water content is a useful proxy for assessing food
quality of subcortical tissues and it decreases with increasing fire severity (Cadorette-
Breton et al. 2016). In trees recently killed by fire, water content is always below
30% (Jeffrey 2013; Cadorette-Breton et al. 2016) while it remains well-above 50%
in trees defoliated by the spruce budworm (unpublished data). Even trees affected
by non-lethal fires show phloem/cambium necrosis and misshapen xylem vessels,
which lead to hydrolic dysfunction (Bar et al. 2019). On the other hand, defolia-
tion induces a 20% reduction in the diameter of phloem channels, likely impacting
sap transportation capability of trees and increasing the risk of vascular dysfunc-
tion (Hillabrand et al. 2019). Although defoliation reduces subcortical tissue quality,
fire reduces it more extensively and more rapidly. Obviously, this influences the
successional dynamics of saproxylic insect communities.

Bark beetles are also important pests of coniferous forests in many regions of the
world (Morris et al. 2017). In western North America, the Mountain Pine Beetle
has affected >27 M ha of mature forest stands and has had major impacts on
forest ecosystem dynamics, biodiversity (Bunnell et al. 2011; Saab et al. 2014)
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and ecosystem services (Dhar et al. 2016; Audley et al. 2020). The outbreak has
increased diversity of understory plants and this certainly has affected arthropod
communities, but this has not been documented. However, higher diversity of alpine
bees was linked with the increased availability of floral resources in post-outbreak
stands affected by the spruce beetle, Dendroctonus rufipennis Kirby (Davis et al.
2020), a similar species.

3.5 Effects of Forest Logging on Arthropods

Remote-sensing assessments showed that only 22% of the world’s forest landscape
was classified as intact in 2000 and had decreased to 20.4% between 2000 and 2013
(Potapov et al. 2017). Expansion of agriculture and pasture in tropical regions were
responsible for 60% of this reduction. Old-growth forests have virtually disappeared
from Europe (Wirth et al. 2009) and they have become rare in many parts of North
America, mainly due to timber harvesting (Potapov et al. 2017; Schowalter 2017).
Where they still exist, old-growth forests are often limited to small remnant areas
which might not be representative of the original forest matrix.

3.5.1 Clear-Cuts

The first reported impacts of logging on biodiversity were associated with the
widespread use of clearcutting which resulted in the loss and fragmentation of old-
growth forests. From the perspective of biodiversity conservation, clear-cuts are
inappropriate for maintaining some forest species (Spence 2001), particularly those
which are closely associated with old-growth forests (Spence et al. 1996; Niemeld
1997, Siitonen and Saaristo 2000; Buddle et al. 2006; Pohl et al. 2007). Clear-cuts
initiate forest succession and homogenize stand structure and composition for several
decades, often over large areas, and thus rarify old-growth forest attributes, which are
important drivers of arthropod diversity (Janssen et al. 2009). Moreover, intensive
forestry has used short rotations in order to optimize wood production and avoid
reaching the senescent forest stage in which a certain amount of trees die, i.e. when
forests recover certain attributes characterizing old-growth forests.

In Scandinavia, where boreal forests have been managed intensively, the amount
of dead wood has decreased to extremely low levels, severely impacting numerous
saproxylic species (Kaila et al. 1997; Grove 2002; Stenbacka et al. 2010). In the
late 1990s, nearly 70% of red-listed forest invertebrates were saproxylics (Jonsell
et al. 1998). In Canada, mature balsam fir stands are usually harvested at 50 years
of age as they are then highly vulnerable to the spruce budworm and also because
they are considered to have reached their silvicultural maturity. Dead trees are rare
in 50 year old balsam fir stands and short rotations could thus lead to a rarefaction
of dead wood (Norvez et al. 2013). This is a first step towards breakage of forest
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continuity, a concept which refers to the continuous availability of a certain amount of
micro-habitats (e.g. dead wood) or appropriate conditions (e.g. close-canopy cover)
to ensure survival of living organisms (Jonsell and Nordlander 2002). Populations
of several saproxylic beetles are still less abundant in 50-yrs post-harvest balsam fir
stands than in older stands regulated by spruce budworm outbreaks (Bouchard 2000),
suggesting that forest continuity in dead wood may be broken by short rotations. This
may result in a subtle erosion of saproxylic insect diversity characterizing naturally
disturbed forests (Norvez et al. 2013).

Arthropods with poor dispersal ability are particularly vulnerable to the loss
of old-growth forests, to habitat fragmentation and to a breakage in forest conti-
nuity (Koivula 2002). Several carabid beetles, common in old-growth forests, persist
temporarily in recent clear-cuts but they were scarce or had disappeared from stands
by 27 years post-harvest in Alberta, Canada (Spence et al. 1996). In addition to dras-
tically modified environmental conditions, old-growth specialists face competition
from open-habitat species that heavily colonize clear-cut patches. The surrounding
landscape is important as the impact of clear-cuts is lower in a matrix of old-
growth boreal forest stands, highlighting the importance of source habitats for recolo-
nizing harvested stands (Le Borgne et al. 2018). In heterogeneous landscapes, beetle
community assembly is mainly driven by interspecific interactions rather than by
habitat attributes (Le Borgne et al. 2018).

3.5.2 Salvage Logging

For economic and phytosanitary reasons, salvage logging after natural disturbances
has become increasingly prevalent all over the world (Lindenmayer et al. 2008). A
meta-analysis revealed that salvage logging significantly decreases species richness
of saproxylic beetles, which is not surprising as habitat is removed (Thorn et al.
2018). It has been estimated that to maintain 90% of saproxylic beetle richness, 85%
of these disturbed forests would need to be retained (Thorn et al. 2018). Richness of
springtails also decreases after salvage logging, these micro-arthropods being very
sensitive to the drying out of the soil following canopy and tree removal. However,
richness of ground-dwelling spiders and carabids increase, many species of these
groups being typically associated with open habitats (Thorn et al. 2018). Indeed
carabid recovery is typically rapid with the retention of almost any disturbed patches
in postfire forests (Koivula and Spence 2006).

As in clear-cutting, the impact of salvage logging lasts decades. For instance,
habitat attributes still differ between unsalvaged and salvaged balsam fir stands,
20 years after the end of a spruce budworm outbreak (Norvez et al. 2013). As in most
natural disturbances, insect outbreaks rarely kill all trees, survivors being important
legacies in forest dynamics as they contribute to the maintenance of ecological conti-
nuity in dead wood recruitment. This legacy is illustrated through the larger amount
and greater diversity of coarse woody debris in unsalvaged stands compared with
salvaged ones (Norvez et al. 2013) (Fig. 3.6).
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Fig. 3.6 Distribution of downed dead wood volumes according to Hunter’s decay classes in four
types of stands, 20 years after the end of a spruce budworm outbreak in balsam fir forest. Ty:
unsalvaged stands, T: salvage logging only, T,: salvage logging followed by a pre-commercial
thinning, T3: salvage logging followed by scarification and black spruce plantation and mechanical
release. From Norvez et al. (2013) (reprinted with permission of Elsevier)

3.5.3 Partial Cuts

In recent years, partial cutting has been used as a more socially and environmentally
acceptable silvicultural treatment than clear-cuts (Franklin et al. 1997; Harvey et al.
2002). Partial cutting removes only a portion of the trees (usually up to 45%) and
thus, it maintains a forest cover useful for biodiversity. It also ensures a continuous
recruitment of dead trees necessary to maintain unique elements of forest biodiver-
sity, namely saproxylic organisms that only live in this habitat. These dead trees
are also important components for generating heterogeneity in forest ecosystems
and providing habitats for non-saproxylic organisms. By maintaining structural and
compositional attributes of mature forests (Harvey et al. 2002), partial cuts limit land-
scape fragmentation (Warkentin and Bradshaw 2012) and maintain ecological func-
tions of forest ecosystems. Partial cuts generate new niches that are absent in closed
canopy forests, maintain similar amounts of snags and coarse woody debris as in
closed canopy forests and as a result, beetle communities in partial cuts remain similar
to those found in old-growth boreal forest (Légaré et al. 2011). Similarly, in Finland,
the carabid assemblages of thinned (10-30% tree removal) and mature stands were
similar (Koivula 2002). Partial cuts help to reduce the impact of logging on forest
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ecosystems and have become a useful tool for implementing ecosystem-based forest
management (see Sect. 3.6.2).

3.6 Conservation and Management

The concept of sustainable development defined by Brundtland (1987) has led to
changes in forest management. Henceforth, development must meet the needs of
the present without compromising the ability of future generations to meet their
own needs. Applying this concept requires a better balance between economic,
environmental and social issues. The importance of biodiversity conservation to
achieve the environmental goal of sustainable development was recognized with the
agreement of the Convention on Biodiversity signed after the Earth Summit in 1992
(United Nations 1992). The implementation of sustainable forest management then
required different approaches to integrate the objective of maintaining biodiversity
while continuing logging (Thorpe and Thomas 2007). Although in some rare cases
single species are protected by regulations, conservation of arthropod diversity is
usually approached globally. Protecting single species through regulation forbids
their capture and trade, and sometimes protects their habitat. This approach has
rarely been successful (Samways 2018). Conservation strategies now look at larger
spatial scales. Developing resilient forest landscapes is an emerging field of interest
in conservation biology, but preserving forest arthropods remains a challenge for
scientists and policy-makers.

3.6.1 Protected Areas

The establishment of protected areas is the first measure proposed by conservation
biologists to protect biodiversity as it maintains habitats (Jenkins and Joppa 2009;
Samways 2007). It requires protecting large areas of primary forests, which are
rapidly declining in tropical areas, and which are already small or strongly modified
in most north-temperate areas (Samways et al. 2020). Also, as biodiversity is never
fully inventoried, delimiting protected areas is usually based on surrogates (plant
endemism, vegetation classification), which assume that this approach is efficient
for protecting non-sampled and poorly known biodiversity, which include arthro-
pods (Rodrigues and Brooks 2007). The use of vascular plant endemism to delineate
hotspots of biodiversity is controversial (Marchese 2015), but it was shown to be effi-
cient in protecting bush crickets (Orthoptera: Tettigoniidea) in South Africa (Bazelet
et al. 2016). Also, an analysis of the efficacy of protected areas in Italy showed that
91% of the 150 red-listed saproxylic beetles were present (D’Amen et al. 2013).
Foresters could consider it as a success while it could be viewed as a failure for
conservationists as 9% of red-listed species are still absent. However, as the full
extent of a species geographic range was captured for only 7% of these red-listed
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species, the reserve network was considered inadequate to protect Italian saproxylic
insect diversity (D’ Amen et al. 2013). Itis possible that protected areas designed to be
representative of large-scale vegetation regions are less effective than a small-scale
inventory of endemic plants. In addition, protected areas are often established on
the basis of aesthetic criteria (e.g. spectacular landscapes), or for political reasons,
which rarely meet biodiversity conservation objectives. Protected areas may also
complicate political decisions related with land use planning, particularly when,
without appropriate pest management, insect outbreaks may kill trees. Decisions
regarding whether and how to manage protected areas to preserve biodiversity and
sustain ecosystem services, usually involve public debate. In Germany, numerous
trees died during a large-scale outbreak of Ips typographus but red-listed species
populations increased as well as the overall biodiversity, providing support for the
policy of allowing the natural course of natural disturbances in protected areas and
promoting recovery processes that characterize post-natural disturbance successional
stages (Beudert et al. 2015).

The ability of current networks of protected areas to protect biodiversity and
ecological processes will undoubtedly be affected by changing climate. These areas
are spatially fixed and may not host the same species in the future as climate change
will cause range shifts or reductions for many species (Hannah et al. 2007). The
functional connectivity between protected areas should be improved to enable species
range expansion in response to climate change (Samways et al. 2020).

3.6.2 Ecosystem-Based Forest Management

The concept of ecosystem-based forest management aims to maintain forest ecosys-
tems within their natural range of variability, using natural disturbance regimes
as references, with the underlying idea that species should not experience condi-
tions they never faced before (Hunter 1990). Natural processes that regulate forest
ecosystem dynamics should be preserved, thus ensuring progress toward sustainable
forest management (Attiwill 1994; Angelstam 1998; Bergeron et al. 1999; Gauthier
et al. 2008).

Unlike natural disturbances, forest logging typically (in particular clear-cuts)
reduces heterogeneity and the amount of dead wood for decades. Thus, adapting silvi-
cultural practices so that managed forests more closely replicate natural forests has
been, and continues to be, a major challenge for forest managers. Ecosystem-based
forest management is primarily implemented by mimicking the spatial arrangement
produced by natural disturbances in terms of size and distribution of logging patches.
At the stand level, it attempts to maintain key structural elements produced by natural
disturbances such as snags and coarse woody debris (Niemeld 1997; Harvey et al.
2002; Bauhus et al. 2009). It is difficult to mimic the conditions generated by natural
disturbances with logging as tree harvesting reduces the future amount of dead wood
in the forest while natural disturbances do the opposite. Dead wood still present after
logging is almost entirely under the form of woody debris on the ground, where
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it decays rapidly (Grove 2002). Thus, saproxylic organisms using snags lose their
habitat and those that use dead wood on the ground will lose it soon after logging
as decomposition progresses. It is possible to increase dead wood stocks by girdling
trees (Dufour-Pelletier et al. 2020) or by leaving a certain amount of high stumps
when stands are harvested (Jonsell et al. 2004). Supplementing them with logs of
various tree species on the ground is recommended (Andersson et al. 2015). However,
in western North America and in other dry regions of the world where wildfire is
already a major issue, and likely to worsen with climate change, this approach should
not be used as it would increase fuel loading. In these regions, silvicultural practices
aimed to reduce fire risk by managing fuel loads is a critical forest management
objective.

In areas where dead wood has rarefied, short-term measures aimed to increase
the amount of dead wood must be accompanied by medium and long-term measures
to avoid critical gaps in the continuity of deadwood (Grove 2002). Therefore, it
is crucial to determine the minimum amount of dead wood, under various forms,
necessary to maintain biodiversity along all post-harvest successional stages. This
requires leaving enough live trees to ensure continuous recruitment of dead wood
to avoid breakage of forest continuity. The retention of patches of varying sizes is
now used in the context of ecosystem-based boreal forest management. In the short-
term, 2.5 ha patches are efficient to maintain beetle communities in boreal forest but
negative effects could increase with time (Bouchard and Hébert 2016), highlighting
the importance of long-term studies.

3.6.3 Restoration

Adapting forestry practices to maintain biodiversity associated with old-growth
forests or at least with natural mature forests is a major challenge of contempo-
rary forestry (Niemeld 1997). In regions where old-growth forests no longer exist,
the challenge is two-fold: first, it is recommended to lengthen rotations to reach
the senescent stage in which certain old-growth forest attributes are recovered and
second implementation of restoration programs.

Tree planting after clear-cutting or salvage logging is the most widely used restora-
tion method. It is usually applied when natural regeneration will result in seedling
density too low to maintain stand productivity. Although tree planting provides
habitat to maintain certain forest arthropods, planted forests have been reported
to have lower abundance and species richness of beetles, compared to old-growth
forests, and up to a 40% difference in species composition (Albert et al. 2021). Tree
planting appears particularly unsuited to tropical forests where it does not reproduce
the complex and diverse microhabitats and biotic interactions of old-growth tropical
forests (Gibson et al. 2011). Monospecific plantations of exotic trees have strong
negative effects on beetle communities and they should be restricted to areas where
old-growth forests are scarce and highly fragmented, and where planting native trees
is not an option (Albert et al. 2021). Negative effects of forest plantations are less



3 Forest Arthropod Diversity 75

significant in other biomes, particularly when native tree species are planted (Albert
et al. 2021). Thus, when used in combination with ecosystem-based forest manage-
ment and protected areas, native tree plantations could be helpful to help restoring
a portion of arthropod diversity in temperate and boreal forests. However, stand
conversion toward another native tree species can also have detrimental effects.
For example, converting mature balsam fir stands severely affected by the spruce
budworm to black spruce plantations after salvage logging moves beetle commu-
nities farther away from the original stands than salvage logging alone or salvage
logging followed by pre-commercial thinning (Norvez et al. 2013).

Another approach that can be used in forest restoration and which is consistent
with ecosystem-based forest management is the reintroduction of natural processes
through direct intervention. For example, prescribed burning is used to manage forest
fuel and reduce fire risks (Fernandes and Botelho 2003), but it is also used to regen-
erate certain pine species, such as the eastern white pine, Pinus strobus L. in Canadian
National Parks (Hébert et al. 2019). Eastern white pine was much more prevalent in
pre-settlement forests of eastern North America than it is today (Doyon and Bouffard
2009). Itis well adapted to low-severity surface fires as it has thick bark that efficiently
insulates subcortical tissues (Hengst and Dawson 1994), but also because this tall
tree has deep roots and a branch-free lower trunk (Farrar 1995). By reducing compe-
tition from saplings of other shade-tolerant tree species, and increasing light pene-
tration, prescribed burning improves seedbed quality and helps white pine seedlings
to sprout and grow (Hébert et al. 2019). Prescribed burning was shown to be efficient
to increase the richness of both saproxylic and non-saproxylic beetles, suggesting
that burning treatments do not only increase the amount of dead wood but also
favour other attributes found in post-fire environments (Domaine 2009). Moreover,
prescribed burning significantly increased the number of rare beetles, attesting for
the usefulness of this restoration practice for biodiversity conservation.

3.7 New Challenges

The efficacy of management and conservation measures presented in the previous
sections are challenged by arthropod declines highlighted in recent reports (Hallmann
et al. 2017; Kunin 2019; Seibold et al. 2019; Wagner 2020). In 2017, the publication
of a paper reporting a 76% drop in insect biomass in protected areas of Germany
(Hallmann et al. 2017), received attention in the media and raised awareness of the
general population. Reports of insect decline have existed for decades, perhaps best
documented with light traps within the Rothamsted Insect Survey network which
has sampled moths in Great Britain since 1968 (Conrad et al. 2006). The magnitude
and geographic extent of arthropod decline remains largely unknown and vigorously
debated (Wagner 2020).

Most data showing arthropod decline mainly come from open habitats, but
arthropod decline has been also reported in forest habitats, although the effects
do not appear as strong (Kunin 2019; Seibold et al. 2019). Drivers of arthropod
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decline in forests is unclear but in grasslands, it is associated with the importance
of agriculture in the landscape (Seibold et al. 2019). Apart from agricultural intensi-
fication (including pesticide use), factors suggested as possible causes of arthropod
decline include habitat destruction (including deforestation), climate change, inva-
sive species, atmospheric nitrification from burning fossil fuels and drought (Wagner
2020). Arthropod decline raises important ecological and economic issues as it will
generate unpredictable cascading effects on ecosystems linked with the expected
losses of ecological services provided by arthropods (Hallmann et al. 2017). Moni-
toring biodiversity and climate appear more important than ever as the impacts of
these ecological crises intensify (O’Connor et al. 2020). This highlights the impor-
tance of long-term data using standardized methods and appropriate tools to manage
and analyse these data, and ensure their long-term storage (Kunin 2019).

Climate change and biodiversity issues are closely linked and both the Intergovern-
mental Panel on Climate Change (IPCC) and the Intergovernmental Science-Policy
Platform on Biodiversity and Ecosystem Services (IPBES) have called for urgent
action to reduce the human ecological footprint (IPBES 2019; IPCC 2018). Without
a doubt, the crises of climate change and biodiversity will be at the heart of the
ecological agenda for the next decade.
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