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Forest management to mitigate the risk of pest insects
Abstract

Mixed forests are proposed as a management strategy that enables high levels of wood production
while also supporting ecological and social benefits that are weakened by traditional monoculture-based
management strategies. A key ecological benefit of mixed forestry is that it is expected to reduce plant
damage caused by specialist insect pests because theory suggests that heterogeneous habitats such as
mixed forests should limit fluctuations in pest insect population dynamics. Two main hypotheses have
been proposed to explain this reduction in plant damage. The first is based on a bottom-up effect whereby
plants grown in a diverse environment have more effective defences against herbivores. The second is
based on a top-down effect whereby plant species diversity creates habitat diversity that supports a higher
abundance of pests’ natural enemies. However, the mechanisms underlying these bottom-up and top-
down effects are not fully understood.

To fill this gap, | investigated how heterogeneity affects the bottom-up and top-down mechanisms
influencing pest insect population dynamics. As a model organism, | used the European pine sawfly
(Neodiprion sertifer), an herbivorous insect that frequently reaches outbreak densities and whose larvae
cause severe damage when feeding on pine needles. Sawfly performance is known to be affected by pine
needle chemistry — particularly the concentration of di-terpenes, which affect larval survival, and nitrogen
levels, which affect cocoon weight and thus adult fecundity. Generalist and specialist natural enemies
have been showed to cause significant mortality in sawfly larvae and cocoons. Despite their importance,
the effects of plant chemistry and natural enemies on insect herbivores have not been studied in the context
of forest heterogeneity.

| found that the variation in cocoon weight within groups of sawfly larvae feeding on Scots pine
needles increased with the needles’ contents of di-terpenes, and that this trend was stronger in mixed
forests than monocultures. Additionally, the rate of generalist predation on sawfly larvae was higher in
more densely planted spots within forest stands. Predation on sawfly cocoons was favoured by tree
diversity, but the presence of dead wood mitigated the negative effect of low tree diversity. In addition,
forest heterogeneity had no discernible effect on specialist enemies, which were able to locate their hosts
equally well in simple and complex habitats.

This thesis shows that bottom-up effects on sawfly larvae cannot explain the observed reduction in
tree damage in heterogeneous habitats. It may be that the higher variation in cocoon weight observed in
mixed stands increases the average fecundity of adult sawflies, resulting in higher likelihood of outbreaks.
Conversely, heterogeneity promoted top-down effects because it favoured generalist predators without
negatively affecting specialists. These results will be useful to forest managers seeking to understand how
mixed forestry can be used to mitigate anticipated increases in insect pest damage due to future climate
change.
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Preface

By morning the wind had brought the locusts; they invaded all
Egypt and settled down in every area of the country in great
numbers. Never before had there been such a plague of
locusts, nor will there ever be again. They covered all the
ground until it was black. They devoured all that was left after
the hail, everything growing in the fields and the fruit on the
trees. Nothing green remained on tree or plant in all the
land.

[Exodus 10, 1-20, Bible, 500 BC-1000 BC]

Even centuries ago, people feared damage caused by herbivorous pest insects.
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1 Introduction

1.1 Boreal forests

Boreal forests are one of the most extended biomes on Earth, covering an area
of 1.8 billion ha (Brandt et al. 2013) that accounts for almost half the world’s
total forest cover (FAO 2015). This area occupies northern latitudes and is
characterized by cold-tolerant tree species within the genera Abies, Larix, Picea,
or Pinus as well as Populus and Betula (Brandt 2009). Boreal forests provide to
local and global populations (Trumbore et al. 2015) a wide range of economic,
social, and environmental benefits such as wood, recreation, biodiversity, and
carbon sequestration: forests are responsible for 20% of the world’s total
sequestered carbon. In recent decades, the increase in the global demand of wood
and related products has caused large areas of boreal forests to be converted into
highly managed plantations (see Box 1: Does the world need wood?).

1.2 Swedish forests

Approximately 75% of the 40.8 million ha of Sweden are covered by boreal
forests (Sweden 2015). More than a half of this area is represented by managed
forest plantations with an annual standing volume that exceeds 3000 million m?
(Sweden 2015). Norway spruce (Picea abies) accounts for 40% of this volume,
Scots pines (Pinus sylvestris) for 38%, and birches for 12% (Betula spp.); the
remainder consists of other tree species and dead wood. The importance of
managed forest plantations in Sweden is highlighted not only by the wide
percentage of land cover but also by its economic importance: Sweden is the
world’s third largest exporter of forest-related products (pulp, paper and sawn
wood) after Canada and the USA.
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1.3 Forest management

In keeping with a global trend over the last century (Nichols et al. 2006),
Swedish forest plantations have been traditionally managed as even-aged
monoculture stands that tend to provide simplified habitats. This approach is
favored because it helps to maximize wood production by concentrating
resources on the growth of a single desirable species, enables the use of simple
nursery practices, and affords a uniform harvest (Piotto 2008). However,
maximizing wood production by monoculture is often detrimental to other
ecological or social benefits provided by forests (Bennett et al. 2009). Therefore,
researchers and forest managers have explored alternative management
strategies to better support these benefits while also maintaining high wood
production.

Proposed alternative management strategies include short rotation forestry
(Weih 2004) and continuous cover forestry (Kuuluvainen et al. 2012), both of
which can match or exceed the wood production of traditional monoculture
management (Roberge et al. 2016; Laiho et al. 2011) and at the same time
promoting ecological services such as biodiversity conservation (Noss 2001) or
resistance to natural disturbance (Peura et al. 2018). While these positive results
are encouraging, a third management strategy based on mixtures of tree species
has been the focus of increasing research effort (Bravo-Oviedo et al. 2014) and
has attracted the attention of forest managers (Coll et al. 2018). Forest
management strategies based on mixed forests have shown promising results
with respect to wood production as well as ecological and social services
(Gamfeldt et al. 2013), and are therefore advocated as one of the most interesting
alternatives to traditional monoculture management.

1.4 Swedish mixed forests

In Sweden, the most common species in tree mixtures are spruce, birch and
Scots pine. Recent research has shown that mixing conifers and broadleaves
provides several advantages over traditional monoculture management (Felton
et al. 2016). One of the most important benefits of mixed forests is the increase
in biodiversity, for instance population of birds and saproxylic beetles or
richness of understory vegetation and lichens (Felton et al. 2010). Mixed forests
are considered heterogeneous habitats where tree species diversity tends to
favour greater structural complexity (Ehbrecht et al. 2017). This heterogeneity
is associated with greater species richness and abundance favored by their
coexistence, persistence, and diversification of local species (Stein et al. 2014).
The presence of broadleaves in coniferous plantations may also reduce the risk
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of fire due to their lower fire susceptibility (Gonzales et al. 2005) or decrease
of wind throw damage due to their greater stability (Griess & Knoke 2011).

A major concern for forest managers interested in mixed forestry practices is
the potential reduction in wood production relative to traditional monoculture
management. However, recent studies have shown that there are no cost in
productivity when trees are used in a mixture but instead mixed forestry
management could favor tree growth (Chamagne et al. 2017). Trees growing in
mixed plantations may benefit from species complementarity, leading to reduced
competition for resources such as nutrients, water, or light. This may increase
tree growth and also create opportunities to plant trees more densely (Pretzsch
et al. 2015).

Mixed forests could also provide various social services that consist of a
series of recreational actives (Eriksson 2012). For instance, picking berries is
one of the most important social habit in Swedish forests (Lindhagen 2012).
Mixed forests may favour these activities because tree diversity is known to
increase the diversity and abundance of berry species (Gamfeldt et al. 2013)
including cowberry (Vaccinium vitis-idaea), bilberry (Vaccinium. myrtillus),
cloudberry (Rubus chamaemorus), and raspberry (Rubus idaeus). Another
activity practiced in Nordic countries is moose hunting. It has been shown that
tree diversity (especially mixes of birches and pines) can increase the presence
of this mammals (Vehvildinen & Koricheva 2006; Milligan & Koricheva 2013).

In recent years, another aspect of mixed forests has attracted the attention of
researches. It is expected that the increase in global temperatures due to climate
change will enhance the performance of herbivorous insects (Bale et al. 2002),
leading to more severe and frequent tree damage. Higher temperatures could
facilitate a shift to new or alternative food resources (i.e. trees) through changes
in plant-insect phenology (Pureswaran et al. 2015) or increases in insects’
distribution areas (Heimonen et al. 2015). However, a recent meta-analysis
(Jactel & Brockerhoff 2007) has showed that herbivorous pest insects caused
less damage in mixed forests than in monoculture stands. The mechanisms
responsible for this effect are not fully understood, but it seems to primarily stem
from reduced activity by specialist herbivores. The purpose of this thesis is to
explain the origins of this effect by determining the mechanisms responsible for
the reduced herbivorous damage suffered in plantations with high tree diversity,
and the related differences between monocultures and mixed stands.

14



1.5 Pest damage: monocultures vs. mixed forests

All forests are subject to insect herbivory. In general, endemic levels of
herbivory are not severe and plants can often recover through the presence of
physiological mechanisms such as compensatory growth (Crawley 1987).
However, explosive increases in the abundance of herbivorous insects can
sometimes cause severe plant damage. These increases occur periodically and
over very short periods of time (Estay et al. 2012). Species that exhibit such
periodic dynamics, oscillating from low to high population densities (Maguire
et al. 2015), are referred to as outbreak species (Wallner 1987).

Outbreaks can have very severe consequences for plants. For example, the
most recent outbreak of the Mountain pine beetle (Dendroctonus ponderosae) in
North America killed over 700 million m? of trees spread over 18.1 million ha
(Cooke & Carroll 2017). Outbreaks can also have many indirect negative
consequences; for example, a reduction in the number of trees may remove
suitable nesting sites for birds (Ayres & Lombardero 2000).

It is supposed that heterogeneous habitats are more stable and resilient
towards disturbances, including outbreaks (Oliver et al. 2010). Mixed stands,
being highly heterogeneous, may promote stability in herbivorous pest insect
population dynamics, limiting their fluctuations and reducing plant damage.
Understanding the mechanisms that promote herbivorous pest insect population
stability could be could greatly benefit forest managers by enabling them to
develop strategies for reducing the expected increases in plant damage
associated with outbreaks.

1.6 Habitat heterogeneity and associational resistance

The “Associational resistance” mechanism (Barbosa et al. 2009) is a process that
has been suggested to reduce plant damage in heterogeneous habitats such as
mixed stands. It suggests that plants surrounded by hetero-specific neighbours
suffer lower levels of herbivory. Associational resistance has been explained in
terms of bottom-up and top-down processes. The bottom-up explanation is also
known as the resource concentration hypothesis, which explains resistance in
terms of reduced plant accessibility to herbivorous insects; the top-down
explanation is known as the enemy hypothesis, which explains the outcome in
terms of higher herbivore mortality due to a greater abundance of natural
enemies.
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1.6.1 Bottom-up: the resource concentration hypothesis

The “Resource concentration hypothesis” predicts that specialist herbivores
reach higher density and abundance when their specific host plants grow in dense
patches such as monocultures (Tahvanainen & Root 1972). Contrarily, plants
growing in mixed stands might benefits from hetero-specific neighbours because
specialist herbivores could have difficult to locate their specific host plant.
Suggested mechanisms are related to the disorienting effects of different tree
species, which could work as physical (Dulaurent et al. 2012) or chemical
barrier (Jactel et al. 2011).

Other associational effects occurring in mixed stands could lead to a different
pattern compare to what suggested by the “resource concentration hypothesis”.
For example, greater tree diversity could increase plant damage by increasing
the population of generalist herbivores that might benefit from a greater diversity
of food resources (Jactel & Brockerhoff 2007). Alternatively, the presence of
hetero-specific neighbours could concentrate specialist herbivore s on individual
trees (Plath et al. 2012). In addition, lower damage in monoculture might occur
as a consequence of the “dilution effect” where the same number of herbivores
and relative damage could be spread out among more host plants.

Results from studies on association effects can be difficult to interpret and
might lead to a wrong interpretation. For instance, a reduction in plant damage
in mixed stands could be due to a reduction in the density of a preferred specialist
host plant or the ability of hetero-specific trees to “hide” preferred host plants
from specialist herbivores (Hambéck et al. 2014). Therefore, empirical studies
must be carefully designed to control for such confounding factors and thereby
minimize the risk of misinterpretation.

1.6.2 Bottom-up: secondary metabolites

Studies that investigate the effects of mixed stands on specialist herbivores have
mostly focused on the resource concentration hypothesis. However, plants are
not passively subject to herbivory but own chemical defences consisting of
secondary metabolites, toxic organic compounds contained in plant tissues such
as leaves (Fraenkel 1959; Feeny 1976). Effects on herbivorous insects include
the disruption of cell membranes, inhibition of nutrient or ion transport,
inhibition of signal transduction processes and metabolism, and disruption of
hormonal control of physiological processes (Mithdfer & Boland 2012). In
addition, secondary metabolites can also be released in response to herbivore
attacks in order to attract and orientate herbivorous natural enemies (Pinto et al.
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2004; Li et al. 2014) or to induce defence responses in neighbouring plants
(Zakir et al. 2013).

The amounts of resources that plants allocate to the production of secondary
metabolites depends on the C:N ratio, i.e. the ratio of resources needed for
growth (carbon) to the availability of nutrients (nitrogen) (Koricheva et al.
1998). In general, an excess of carbon available for growth or a reduction in
nutrient availability can favour the allocation of carbon for the production of
secondary metabolites. Thus, the production of secondary metabolites varies in
relation to factors affecting the C:N ratio. For instance, tree diversity may affect
the light availability (and thus photosynthesis), leading to changes in secondary
metabolite concentration (Abdala-Roberts et al. 2014). Alternatively, tree
diversity could promote the uptake of soil nutrients (i.e. nitrogen) which might
lead an increase in chemical defence related to leaf nitrogen (Mraja et al. 2011).
Positive effects of soil nutrients (i.e. nitrogen) has also been observed in conifers
(Bjorkman et al. 1991), where the production of resin ducts containing secondary
metabolites depends on soil nitrogen availability.

1.6.3 Top-down: the enemy hypothesis

The “enemy hypothesis” (Root 1973) suggests that heterogeneous habitats, i.e.
mixed forests, provide favourable conditions for predators and parasitoids,
thereby increasing herbivorous pest insect mortality. Favourable conditions
include a greater abundance of preferred food resources (i.e. arthropods in the
canopy) (Sobek et al. 2009) or in their absence, the presence of alternative food
sources such as pollen and nectar. Higher habitat heterogeneity is often related
to higher structural complexity (Ehbrecht et al. 2017), which promotes the
presence of natural enemies by increasing the availability of shelter and/or
breeding sites (Langellotto & Denno 2004; Bereczki et al. 2014; Letourneau et
al. 2015). These factors could also reduce negative interactions and favour
complementarity (Jonsson et al. 2017). Mixed stands might offer all these
benefits, of increasing the pressure natural enemies on herbivorous pest insects
thus reducing in plant damage.

Generalist and specialist natural enemies

Natural enemy species can be classified as either generalists or specialists based
on the number of resources upon which they can feed. Generalists have a wide
range of possible food resources making them a more constant presence and a
relatively higher abundance compared to specialists, as generalists are not
dependent on one or a few prey species. A more stable abundance of generalist
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predators is thought to result in more stable predation pressure over time, which
helps to prevent increases in prey abundance and severe pest damage (Gould et
al. 1990; Klemola et al. 2002). In addition, an increase in the abundance of a
certain resource, for instance a herbivorous insect, could cause in generalists a
“switching behaviour” (Murdoch 1969), leading them to preferentially exploit
this newly abundant resource.

Sometimes, the control by generalists fails, leading to a rapid increase in
herbivorous pest insect density (Hassel & May 1986; Berryman 1996). In such
cases, specialists show a delayed density-dependent response that commonly
leads to crashes in the prey and specialist predator populations (Hassel & May,
1986). However, from a plant perspective, a delayed response occurs too late
when damage are already severe.

Understanding which parameters that contribute to forest heterogeneity and
promote the presence of generalists and specialists could prevent or interrupt
severe plant damage and reduce herbivorous pest insect population density.

18



2 Aim of the thesis

In this thesis, | investigated monocultures and mixed forests to better understand
how forest heterogeneity can affect bottom-up and top-down effects on
herbivorous pest insects. The final goal was to contribute new knowledge about
ecological processes affecting herbivorous pest populations in relation to habitat
heterogeneity. An additional aim is to provide information that forest managers
can use to counteract and prevent increased levels of plant damage that are
expected to result from the expansion of herbivorous pest insect populations due
to climate change.

I investigated the following issues:

» How forest heterogeneity affects plant chemistry and herbivorous insect
populations (bottom-up). Paper |

» How forest heterogeneity affects the top-down pressure of generalist and
specialist natural enemies on herbivorous insect larvae (top-down).

Paper 11

» How forest heterogeneity affects the top-down pressure of a generalist
natural enemy on herbivorous insect cocoons (top-down). Paper 111

» How habitat heterogeneity affects the efficiency of a specialist natural
enemy in finding herbivorous insects (top-down). Paper 1V
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3 Materials and methods

3.1 Study model

To investigate the role of forest heterogeneity on bottom-up and top-down
effects on herbivorous insects, | used the European pine sawfly, Neodiprion
sertifer (Geoffroy, Hymenoptera, Diprinonidae), which is a gregarious feeders
on pine species (Fig. 2). N. sertifer has shown irregular population dynamics that
lead to outbreaks which can cover thousands of hectares and last for several
years (Lyytikédinen-Saarenmaa & Tomppo 2002).

N. sertifer is a univoltine species where females lay eggs in one batch during
late August - early September on needles of current year shoots. Eggs overwinter
until May and upon hatching, the larvae feed gregariously on the needles (Fig.
2) (Kolomiets, 1979). At the end of June, the last instar larvae moult into pre-
pupae and drop from the pine branch to spin cocoons (Fig.2) in the forest topsoil.
Adults emerge from cocoons in late August to start reproducing.

Figure 2. Larvae of N. sertifer feeding on Scots pine needles. Photo by Bellone Davide
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3.2 Bottom-up

Scot pine chemistry affects sawfly performance through change in defence
levels and nutritional value. Chemical defences in pine needles include di-
terpenes that have been shown to cause severe mortality and reduced growth in
young sawfly larvae (Larsson et al., 1986). Nutritional values, represented by
nitrogen, have instead a positive effect on insect performance, increasing their
weight and promoting their growth (Mattson 1980). Di-terpenes (Bjorkman et
al. 1991; Nerg et al. 1994) and nitrogen (Bjorkman et al. 1991; Bjérkman et al.
1998) were shown to be positively related to soil nitrogen availability, which
could differ between monocultures and mixed stands, leading to differences in
the concentration of di-terpenes and nitrogen which could affect differently
sawfly performance.

In Paper |, | investigated differences in the di-terpene and nitrogen
concentrations of Scots pine needles from trees grown in monocultures and
mixed stands, and the effects of these differences on sawfly larvae performance
(which was measured in terms of cocoon weight). | selected six monocultures
and six mixed stands. Twenty needles were sampled from ten experimental pines
selected at random from each stand. The needles were ground and analysed to
determine their concentrations of di-terpenes and nitrogen. The number of stems
of individual tree species and the total number of trees around each experimental
pine were recorded because both parameters could potentially affect the
concentrations of di-terpenes and nitrogen in needles.

Figure 3. Larvae of N. sertifer caged with a plastic mesh netting. Photo by Bellone Davide
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To determine sawfly performance, 20-25 larvae were moved on each of the
experimental pines and caged with a plastic mesh netting (Fig.3) to exclude
natural enemies. Larvae were left on the pine branch, free to feed, until they span
cocoons, at which point they were collected and weighed with a microbalance.
The concentrations of nitrogen and di-terpenes in pine needles were used to
explain the observed sawfly performance.

3.3 Top-down

Several natural enemies affect N. sertifer in all its life stages. Sawfly larvae are
subject to top-down pressure by common predators in forest stands including
ants, spiders and parasitoids. Ants are considered one of the most important
generalist predators of terrestrial arthropods, and exert strong pressure on N.
sertifer (Olofsson 1992). The reported effects of spiders (Fig. 4, left) are
inconsistent: some studies suggest their contributions to sawfly mortality are
negligible (Eisner et al. 1974) while others suggest they are severe (Nakamura
1981). Specialist parasitoids (Fig. 4, right) represent one of the main cause of
sawfly mortality, exerting a strong top-down pressure during the late larval stage
(Olofsson 1987). Forest heterogeneity may affect the abundance and activity of
generalist and specialist natural enemies by altering the abundance of alternative
resources such as food or shelter.

Paper Il describes a study where | investigate on the top-down pressure exerted
by generalist predators and specialist parasitoids on N. sertifer larvae in
several forest stands that differed in heterogeneity. Twenty-two forest stands that
differed in the proportions of Scots pine and tree densities were selected. Within
each stand, | chose five experimental pines. A group of 20-25 sawfly larvae was
moved on one branch of each experimental pine. Larvae were exposed to
generalist predators and specialist parasitoids until they reached the 4™ instar.
The remaining larvae were then counted and caged with a plastic mesh net until
they span cocoons. The difference between the initial number of larvae moved
on the pine branch and the remaining ones was used to determine the predation
rate by generalist predators. The remaining cocoons were reared under natural
conditions to determine whether an adult sawfly or a parasitoid emerged.
Cocoons from which no adult or parasitoid emerged were dissected to see if they
contained a larva or a parasitoid. The parasitism rate was determined as the
number of successfully emerged or dead parasitoids in the sawfly cocoons, and
the survival was determined as the number of adult sawfly that emerged or were
found dead in their cocoons. To measure forest heterogeneity, the humber of
stems of individual tree species, the total number of trees, and the presence or
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absence of dead wood were measured around each experimental pine to explain
the observed predation and parasitism rates.

Figure 4. Left: a spider carrying a sawfly larva (2" instar). Right: a flying parasitoid searching
for sawfly larvae on a Scots pine branch. Photo by Bellone Davide

Small mammals are considered important generalist predators of N. sertifer
cocoons (Hanski & Parviainen 1985; Olofsson 1987). Their activity and
abundance could be affected by forest heterogeneity, i.e. tree species
composition (Liebhold et al. 1998; Coppeto et al. 2006) and shrub cover (Arnan
et al. 2014) as well as the presence of dead wood (Manning & Edge 2008) .

To investigate how forest heterogeneity affects sawfly cocoon predation by
small mammals, | performed a manipulative experiment involving dead wood
(Paper 111). Dead wood is a parameter increasing complexity on forest ground
layer providing shelter to small mammals which could increase their abundance
and consequently the predation on sawfly cocoon. The amount of dead wood
was manipulated in ten different forest stands. Ten experimental pines were
selected from each stand. Dead wood was removed from the surroundings of
half the selected pines and added to the surroundings of the other half, creating
two piles (Fig. 5, left). Two groups of 15 cocoons were placed close to the two
piles and the experimental pines and left hidden for two weeks (Fig. 5, right).
Disappeared and missed cocoons were assumed to have been predated.

U

Figure 5. Left: two piles of dead wood close to an experimental pine. Right: the author hiding
cocoons in the topsoil. Photo by Kevin Censtriéres
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To explain the observed predation rates, | measured several parameter relating
to forest heterogeneity around each experimental pine, namely the number of
stems of individual tree species, the total number of trees, the presence or
absence of dead wood, and the mean height of understory vegetation.

Habitat heterogeneity is known to increase the abundance and efficiency for
specialist parasitoids. However, it also has the potential to increase structural
and chemical complexity, which could reduce top-down pressure by interfering
with the parasitoids’ searching behavior. In paper 1V, | investigated the effect
of habitat heterogeneity on the top-down pressure exerted by a specialist
parasitoid. In partcular, | measured the efficiency of the well-known parasitoid
Aphidius colemani (see Box 2, Aphidius colemani) at locating and parasitizing
its host, the bird cherry-oat aphid Rhopalosiphum padi (Hemiptera: Aphididae).
These model organisms were chosen because a) it was straightforward to obtain
enough Aphidius colemani to perform the experiment, b) there are to the several
knowledge and information about A. colemani in the literature, c) by working in
a controlled environment rather than a forest habitat, | was able to focus on the
mechanisms underpinning parasitoids’ ability to search for and locate their hosts.

Parasitoid efficiency was tested inside a plastic cage using four different
treatments corresponding to a gradual increase in plant diversity and complexity.
The most homogenous treatment consisted of an oat monoculture (Fig. 6). The
other treatments were oat and red clover (Trifolium pratense), oat and bird's-foot
trefoil (Lotus corniculatus, Linnaeus), and oat and a fake odorless plastic plant
resembling bird's-foot trefoil to determine whether any changes in efficiency
were due mainly to increased structural complexity (i.e. plant shape) or whether
the plants’ smell played any role. A female of A. colemani was placed inside the
cage and left free to locate and parasitize a host for seven minutes. The difference
between the initial number of aphids placed on an oat plant and the number of
aphids parasitized was used to calculate the parasitism rate.

Figure 6. Preparing oat plants. Photo by Irene Piccini
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Box 2. Aphidius colemani

Aphidius colemani (Viereck) (Hymenoptera: Braconidae, Aphidiinae) is
a species that is widely used for biological“control purposes in
greenhouse systems in the United States, Europe and Australia (Jerbi-
Elayed et al. 2015). The species is relatively 'small aphid parasitoid,
approximately 2-3 mm long (Takada 1998; Odge etal. 2005) . As is typical
of the genus Aphidius, A. colemani parasitises very quickly, so there is
little handling time.

Photo by Koppert B.V. (Berkel en Rodenrijs, The Netherland
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4 Results and discussion

The work presented in this thesis was performed to determine how forest
heterogeneity affects bottom-up and top-down effects on herbivorous pest
insects using the European pine sawfly, Neodiprion sertifer, as a model
organism. | performed experimental and observational studies, considering
several parameters contributing to forest heterogeneity and how they would have
affect plant chemistry and natural enemies of N. sertifer.

4.1 Bottom-up

Scots pines differed in needle nitrogen concentration (Paper 1) in relation to the
interaction between stand type, tree density and pine proportion (Fig. 7). Pines
grown in monocultures increased needle nitrogen concentrations when
surrounded by a relatively high number of pines and in denser areas. Pines grown
in mixed stands had lower needle nitrogen concentrations when grown in denser
areas and areas relatively high numbers of pines. The different responses
observed for Scots pines surrounded by conspecifics and hetero-specific trees at
the same density may be due to differences in root system architecture and
resource acquisition between tree species (Jose et al. 2006).
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Figure 7. Nitrogen concentrations in Scots pine needles in relation to the 3-way interaction
between stand type, tree density, and the proportion of pines around each experimental Scots
pine tree. The sizes of the symbols represent the proportion of pines around the tree; larger
circles indicate a higher proportion of pines relative to deciduous trees. The colours of the
symbols represent the stand type; filled circles represent Scots pine monocultures and open
circles represent mixed forest stands
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No relationship was found between the concentrations of nitrogen or di-terpenes
in pine needles and the average sawfly performance (i.e. cocoon weight) at the
larval group level. However, the variability of the weight of female cocoons
within larval groups was higher in mixed forest stands compared to than in
monocultures (Fig. 8 left).

Female cocoon weight is strongly correlated with realized fecundity (Larsson
et al. 2000), so the observed within-group variability in cocoon weight indicates
that sawfly populations in mixed stands exhibited a greater variation in fecundity
than those in monoculture stands. Higher levels of variation in the fecundity of
individuals within the same group could theoretically lead to stronger
fluctuations in population densities in mixed stands compared to monocultures,
increasing the likelihood of outbreaks. This is inconsistent with the common
belief that insect population dynamics are more stable in heterogeneous habitats
such as mixed forests than in more homogenous habitats (Oliver et al. 2010;
Haddad et al. 2011).

The variation in cocoon weight within larval groups correlated with the di-
terpene concentration of the pine needles (Fig. 8 right). Specifically, the
maximum fecundity of sawfly females that developed on trees with high di-
terpene concentrations was higher than that of females that developed on trees
with low di-terpene concentrations.

Two alternative and mutually compatible hypotheses were proposed to
explain the higher variation in cocoon weight on trees with high di-terpene
concentrations. First, plasticity within larval groups could result in
performance differences between individuals that are exaggerated on needles
with high di-terpene levels. Second, since high di-terpene concentrations are
beneficial to sawfly larvae in later developmental stages because they deter
predators (Larsson et al. 1986; Bjorkman et al. 1997; Bjorkman et al. 1991),
individuals belonging to the same group may compete to maximize their
intake of di-terpenes, leading to increased variability in performance.
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Figure 8. Left The mean standard deviation of cocoon weights within larval groups for
mixed stands and monocultures; the error bars represent the confidence interval of the mean.
Right The standard deviation of the cocoon weights within a larval group as a function of the
measured di-terpene concentration in the sampled needles from the experimental trees.

4.2 Top-down

The proportion of larvae predated (Paper I1) was positively affected by the total
number of trees surrounding the experimental trees, in particular birches (Fig.9
A-B). This was probably due to the ecology of the most common generalist
predators, ants and spiders. These generalists constitute a large part of the
predator community exerting top-down pressure on herbivorous insects in boreal
forests (Olofsson 1987; Tanhuanpéé et al. 2001; Vehvildinen et al. 2008). The
abundance of ants can be related to the density of birches increase aphid
abundance (Riihimaki et al. 2005). Higher tree densities could also increase
structural complexity (e.g. in terms of tree architecture), which promotes the
presence, movement and predation pressure exerted by spiders (Kaitaniemi et al.
2007; Vehvildinen et al. 2008).

Specialist parasitoids were not affected by tree species diversity, tree density,
dead wood, or the interactions between these parameters (Paper I1). The reason
behind this result could be related to the higher dependence of specialists on the
occurrence of their preferred host. This host specificity may have led to the
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development of efficient searching behaviour based on visual or chemical cues
that makes the effect of forest structure inconsequential.
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Figure 9. Left The proportion of Neodiprion sertifer larvae predated increased with the number
of birches. Right The proportion of Neodiprion sertifer larvae predated increased with the
total number of trees surrounding each experimental pine tree.

The efficiency of parasitoids in finding their specific host regardless higher
habitat heterogeneity was supported by results obtained on a smaller spatial scale
(Paper 1V). Plant diversity had no effect on the number of aphids parasitized
despite clear differences in structure and chemical complexity between the four
treatments. The structural complexity of a single host plant (Prado & Frank
2013; Andow & Prokrym 1990) or within a plant group (White & Andow 2006;
Bezemer et al. 2010), has been shown to affect negatively parasitoids by
reducing their host location ability. High structural complexity could also
produce high chemical complexity, which can enhance or reduce the ability of
parasitoids to detect suitable hosts (Bukovinszky et al. 2005; Kehoe et al. 2016;
Vinson 1976; Hatano et al. 2008). The differences between our findings and
previous reports may be related to the use of different parasitoid and plant
species, suggesting a species-specific response to complexity.

A positive effect of forest heterogeneity on top-down pressure exerted by
generalist predators was also observed in the predation of sawfly cocoons by
small mammals (Paper 111). The proportion of cocoons fed upon was positively
related with tree density (loge) in forest stands (Fig. 10). It has been shown that
small mammals exhibit a preference for habitats that offer shelter and from their
natural enemies (Ecke et al. 2002; Sundell et al. 2012), including forest stands
with high tree densities.
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Figure 10. Proportion of sawfly cocoons preyed upon in relation to the natural logarithm of
tree density surrounding the experimental pines

The effect of dead wood on sawfly cocoon predation depended on the interaction
between the pine proportion in forest stands and the presence/absence of dead
wood (Paper I11). The predation rate declined more when dead wood was
removed in an environment that otherwise would not provide much shelter
opportunities. Adding dead wood decreased predation rates when the proportion
of pine increased, but this relationship was less pronounced (Fig. 11).
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Figure 11. Proportion of sawfly cocoons preyed upon in relation to two dead wood
manipulation treatments and the proportion of pines around each experimental pine. Solid line
and filled grey points represent the wood addition treatment while dotted line and empty
points represent wood removal treatment
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Dead wood contributes to habitat heterogeneity (McElhinny et al. 2005) by
providing shelter for small mammals thus have the potential to increase their
feeding activity (Kollberg et al. 2014). The difference between the two dead
wood treatments can be caused by the effect of small mammal behavior as well
as variations in natural conditions of forest stands that differ in pine proportion.
The higher predation rates in stands with a lower proportion of pine can be a
consequences of higher abundance of alternative food resource provided by
heterogeneous thus allowing high densities of small mammals (Sullivan &
Sullivan 2012). Conversely, stands with high proportions of pine are often
considered poor and dry habitats (Kouki et al. 1998); in such cases, dead wood
could provide alternative food sources, which can be important for small
mammals (Ecke et al. 2001). Removing dead wood from poor stands could
therefore lead to a reduction in small mammal presence and consequently a
decrease in cocoon predation.
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5 Conclusion and future research

| believe that this project brought new important arguments habitat heterogeneity
in promoting bottom-up and top-down effects on herbivorous pest insect
populations. I also believe that these finding could provide relevant information
to forest managers to improve their management practices to deliver high
productivity in combination with other ecological benefits.

Paper | showed that although bottom-up effects could be an important
regulatory mechanism of herbivorous population in heterogeneous habitats, they
had relatively little impact on sawfly larval performance under the studied
conditions. Plant chemistry, in particular di-terpenes, caused an increase in the
variation of cocoon weight within larval groups and this variation was higher in
mixed stands compare to monocultures. This variation could lead to high weight
females, to which is related a higher fecundity potentially increasing the
likelihood of outbreaks in mixed forests. The bottom-up effects observed
showed here are in contrast with previous research, suggesting that top-down
pressure could contribute more to reducing herbivore damage in more diverse
habitats. Future research should investigate on other aspects of the relationship
between habitat heterogeneity and bottom-up effects. For instance, how
herbivorous performance could be affected by the chemistry of different plant
genotypes or perform similar studies in forest stands with substantially higher
levels of tree species diversity.

Paper Il and 111 showed that top-down pressure exerted by generalist and
specialist natural enemies contribute for most of the mortality of sawfly larvae
and cocoons. A next step would be to determine how forest heterogeneity could
affect other natural enemies such as birds and pathogens, and how such natural
enemies could affect other sawfly life stages such as eggs or adults. A complete
study of top-down pressure on sawfly larvae could be helpful for managing
forest stands in order to promote a natural biocontrol. However, a good natural
biocontrol should also take in consideration those parameters of habitat
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heterogeneity parameters that enhance the ability of different natural enemies to
locate their prey, as discussed in paper Il and IV.

In addition to the contributions to bottom-up and top-down effects in mixed
forests, this thesis raises some more general questions on the role of habitat
heterogeneity in counteracting herbivorous pest insects and its other benefits.
For instance, dead wood, which increases forest heterogeneity on forest ground,
promotes the activity of natural herbivore enemies but also promotes
biodiversity since several species (i.e. arthropods and fungi) depend on decaying
wood. Therefore, the results presented here suggest that further research is
warranted to determine how forest heterogeneity could provide several benefits
combining economic, ecological and social services.
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