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6 Introduction

1. INTRODUCTION

What defines the assemblage of species in a community? This is one of the most basic
questions in ecology, and one which still puzzles the minds of ecologists. In general,
communities have been shaped into their present form by the abiotic environment and
by historical and present interactions between organisms. Where abiotic conditions do
not limit species existence, interactions with both lower and higher trophic levels have
been proposed as the mechanisms that can define the assemblage of existing species
(e.g. MacArthur 1958, Hairston et al. 1960, Connell 1961, Price et al. 1980). For insect
herbivores, the prevailing hypotheses have fluctuated from the view of Hairston et al.
(1960) of higher trophic levels controlling species abundance at lower levels (top-down)
to Murdoch’s (1966) argument of the greater control of lower trophic levels over the
higher ones (bottom-up). More recent conclusions have combined these two views (e.g.
Price et al. 1980, Denno et al. 2005, Haukioja 2005).

1.1 Effects of abiotic environment and lower trophic levels on insect
herbivores

Especially in northern areas, cold winter temperatures have acted as a barrier
restricting species abundance (Bale 1991, Luoto et al. 2006). The cold-tolerance of the
dormant insect herbivore for example is affected by both the mechanism regulating the
herbivore freezing tolerance and the timing and duration of the cold period (e.g. Bale
1991, 2002, Turnock & Fields 2005). In addition, the cold-tolerance of insect
herbivores can change during the overwintering period, thus creating variation in the
insect vulnerability to low temperatures during the dormant phase (Nilssen & Tenow
1990, Bale & Hayward 2010).

In addition to temperatures, insect herbivores are naturally affected by the quantity and
quality of their host plant (Price et al. 1980, Suomela & Nilson 1994, Virtanen &
Neuvonen 1999). The regulating effects of plant quality on insect herbivore
communities were first proposed by Murdoch (1966). Food quality, including the host
plant response to defoliation, can vary among and within long-lived plants, such as
trees (Suomela & Ayres 1994, Suomela & Nilson 1994, Roslin et al. 2006, Stevens et
al. 2007). Environmental conditions affect some of the plant traits that define the
quality of a plant as food for herbivores (Price et al. 1980). Plant quality as food,
however, has also been observed to vary due to different plant genotypes (Horner &
Abrahamson 1992, Underwood 2009, Schidler et al. 2010). Variation in host plant
quality can shape species distributions. In addition to smaller-scale variation, plant
quality as food for herbivores can also vary on a larger spatial scale (Gaston et al. 2004,
II), and local environmental variation has been suggested to partly define leaf miner
abundances (McGeoch & Price 2004).

In addition to varying quality in host plant, interspecific variation also occurs in how
good the quality of a given host plant is for the species in question. The host plant



Introduction 7

response to defoliation can be species-specific even for closely related herbivore
species (DeMoraes et al. 1998). Thus a dominant herbivore can cause the development
of plant quality in a particular direction over time (Ahlholm et al. 2002). In forest
ecosystems, the long generation time of the host tree imposes limits on how quickly its
responses can adjust to a change in selection pressure, for example via cyclic changes
in herbivore population densities or via novel defoliators (Smith & Beaulieu 2009). An
insect herbivore, with a short generation time, can thus overcome plant responses and
quality, which adjust more slowly (Kenis et al. 2009). If the herbivore is able to
overcome plant defences, a reciprocal change in host plant responses to defoliation
may be launched. A change in the prevailing response to defoliation can in turn
mediate indirect effects between herbivore species, if a coexisting herbivore has not
adapted to the change in host plant quality (Harrison & Karban 1986, Denno et al.
2000, Anderson et al. 2009).

1.2 Effects of higher trophic levels and competition on insect herbivores

According to Hairston et al. (1960) the world is green because natural enemies keep
insect herbivore densities at low levels. While the situation in nature may be more
complicated than that, natural enemies can act as a major force in insect herbivore
population dynamics. The population dynamics of herbivorous insects regulated by
predators and parasitoids generally tend to show an oscillatory pattern (Morris et al.
2005). Furthermore, in the case of many cyclic lepidopterans, specialist parasitoids
have been suggested as the driving force of the regular population cycles (e.g.
Berryman 1996, Klemola et al. 2010). Specialist natural enemies are capable of driving
the population dynamics of their host species due to a delayed, density-dependent
numerical response (Turchin 2003). Generalist predators, in contrast, do not usually
exhibit a numerical response to prey densities and can thus control herbivore
populations only at low densities (Turchin 2003).

Species composition can also be affected by interactions within the same trophic level.
Competition is defined as an interaction between two or more organisms, where the
interaction is harmful to at least one of the species. Interspecific competition can be
direct, through interference, or indirect, via the exploitation of common resources or
via shared natural enemies. Apparent competition occurs when the population density
of one species is reduced via the numerical response of a shared natural enemy to the
increased population density of the other species (Holt 1977).

The dominant competitor may in the long run either outcompete the subordinate one
from a location, or the latter may evolve to utilize another resource. Only one of the
competing species might thus exist in a given location, as a result of an ecological
force, the “ghost of competition past”, (MacArthur 1958, Connell 1983). The same
applies to apparent competition via shared natural enemies. The losing competitor may
adapt to the competition by moving to an enemy-free space, and the common natural
enemy may thus in some localities have only one prey. This “ghost of apparent
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competition past” is termed “dynamic monophagy” (Holt & Lawton 1993). Ghost of
competition past and dynamic monophagy may prevent the observations of direct and
apparent competition (Holt & Lawton 1994).

Interspecific competition has been proposed for various communities as one of the
major forces defining their structure by competitive exclusion (e.g. MacArthur 1958,
Holt 1977, Chesson 2000, van Veen et al. 2006). With regard specifically to
herbivorous insect communities, however, it has been debated whether interspecific
competition may be a possible agent in defining species composition (Hairston et al. et
al. 1960, Connell 1983, Denno et al. 1995). Evidence of both direct and indirect
competition as factors shaping insect herbivore communities has nevertheless been
accumulating (Denno et al. 2000, Redman & Schriber 2000, Kaplan & Denno 2007,
Preisser & Elkington 2008).

The tendency of herbivore populations to cycle often makes it more difficult to observe
apparent competition (Morris et al. 1995). In general, cyclic dynamics are thought to
often dampen the effects of apparent competition (Abrams et al. 1998). A shared
parasitoid, for example, can nevertheless have a zero, negative or positive effect on the
host species, with population dynamics varying from cycles to stability or even the
extinction of one of the species (Brassil & Abrams 2004). When competition between
the herbivores is included, the outcome of apparent competition can be very diverse in
different communities (Holt & Lawton 1994). Generalist predators, for example, can
dampen the cycles in prey populations, and may promote the coexistence of competing
species when the dominant competitor is more affected by predation (Chase et al.
2002).

1.3 Invasive species and resident community

The recent radical changes in the global climate have brought basic questions of
species abundances and community structure to the table once more, as changes in
temperature have either driven species to the verge of extinction or have allowed them
to expand their ranges into new areas (McLaughlin et al. 2002, Parmesan 20006,
Walther et al. 2009). Recently invaded ecosystems and ongoing invasions create an
arena for “natural experiments”, where interactions between lower and higher trophic
levels can be observed before they are obscured by effect of adaptation (Sakai et al.
2001, Holt 2009).

Global warming is predicted to raise boreal winter temperatures in particular. Overall,
the boreal zone is expected to experience a temperature rise of 3.5-5°C during the next
90 years (Lindner et al. 2008). In addition, current climate-change scenarios predict a
radical increase in the probability of precipitation, especially during the winter season
(Lindner et al. 2008). Recent studies have indeed shown the spreading of many species
to areas where the cold climate was formerly a limiting factor (Parmesan et al. 1999,
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Bale et al. 2002). In particular, many lepidopteran species, including forest pest species,
have moved into more northern latitudes (Hickling et al. 2006, Jepsen et al. 2008).

New species spreading into an area, termed invasive species (e.g. Colautti & Maclsaac
2004, Lockwood et al. 2007), are in general characterized by certain life history traits
(Lodge 1993, Kolar & Lodge 2001). For example a high rate of population increase,
good competitive ability and tolerance/adaptation to a broad range of environmental
conditions enable the establishment of a viable founder population and help the species
spread further (Sakai et al. 2001, Delatte et al. 2009). These features are often merely
enhanced by the warming climate (Berggren et al. 2009, Walther et al. 2009). A new
species may on the other hand be prevented from spreading in the new area by
unfavourable abiotic conditions, lack of suitable resources, competitive exclusion by
the resident species, or predation (Holt & Lawton 1994, Chesson 2000, Kaplan &
Denno 2007, Berggren et al. 2009). If an invader successfully spreads to a new area,
the existing links and interactions among the resident (indigenous) organisms in the
community are at risk to be radically changed. The effects of invasive species range
from altering the genetic composition of local populations and species to trophic
cascades affecting all trophic levels in the community (Sakai et al. 2001, Tylianakis et
al. 2008, Kenis et al. 2009). Assessment of the potential threat to a given ecosystem
calls for a comparison of the life-history characteristics of the resident and invasive
species (Sakai et al. 2001).

Genetic diversity, especially in traits affecting fecundity, creates the potential for an
invasive species to adapt to novel environments and native species (Sakai et al. 2001,
Lee 2002; but see Tsutsui et al. 2000). The response to the selection pressure generated
by the novel environment may contribute to creating larger genetic variance and hence
successful adaptation by the invading species (Sakai et al. 2001). Invading species can
thus be extremely effective in adapting to the variability of environmental conditions
and for example to the host plant quality encountered (e.g. Mooney & Cleland 2001,
Walther et al. 2009). Good adaptation capability to new conditions can launch rapid
evolutionary changes in both resident and invasive species via genetic drift and natural
selection (Sakai et al. 2001, Strauss & Irwin 2004). For example, if adaptation to host
plant quality creates a selection pressure diverging significantly from that due to
resident species, permanent changes in host plant quality may be seen on an
evolutionary scale (Lambrinos 2004, Strauss et al. 2006, Wise 2009). This altered host
plant quality may then drive further changes in the resident species and in the whole
ecosystem (Strauss et al. 2006, Lau 2008).

In addition, invasive species can create new links in the local community by competing
directly and indirectly with native species. Shared resources, spatiotemporal co-
occurrence and ecological similarity may all strengthen competitive interactions
between two species (Schoener 1974). Competition with a closely related resident
species in particular can thus induce changes in the community. Invasive herbivores,
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for instance, can outcompete native species and exclude them from the local
community (reviewed in Kenis et al. 2009). However, interspecific competition
between herbivores can also have positive consequences for a host plant by
suppressing the densities of the more harmful defoliator (Preisser & Elkington 2008).
Invasive herbivores can also affect the resident herbivore population by apparent
competition via shared natural enemies (Redman & Schriber 2000). A rapidly
advancing invasive species, with a short life cycle, can easily escape specialist natural
enemies belonging to the original species range (e.g. Menéndez et al. 2008). The
invader may thus encounter lower mortality from predation. In addition, the invasive
species may favour an increase in the generalist predator community, thus increasing
predation pressure on resident competitors. Thus the invader can affect the local
community on several levels (Jones et al 1998).

1.4 Geometrid moths in northern Fennoscandia

Forest ecosystems in northern latitudes can be particularly vulnerable to effects
induced by new invasive species, since they are generally characterised by simple food
webs, slow biological processes and low species numbers (e.g. Sakai et al. 2001).
Fennoscandian boreal and especially sub-arctic forests are representative examples of
such simple ecosystems.

The Finnish part of northern Fennoscandia was previously dominated by the autumnal
moth (Epirrita autumnata [Borkhausen] [Lepidoptera: Geometridae]) which feeds
mainly on the leaves of the mountain birch (Betula pubescens ssp. czerepanovii
[Orlova] Hamet-Ahti [Fagales: Betulaceae]). The population cycles of this species are
well known (Tenow 1972, Lehtonen 1987, Haukioja et al. 1988, Klemola et al. 2002),
and recent evidence shows that parasitoids may be the driving agent causing them
(Klemola et al. 2008, 2010). In extreme cases, the peak population-cycle phase of this
outbreaking species can transform vast areas of mountain birches from verdant forest
into treeless tundra (Tenow 1972, Lehtonen & Heikkinen 1995).

During recent years another cyclic moth defoliator, the winter moth (Operophtera
brumata Linnaeus [Lepidoptera: Geometridae]), has also extended its outbreak range
to these mountain birch forests (Hagen et al. 2007, Jepsen et al. 2008, 2009, Klemola et
al. 2008). Taking advantage of the rising winter temperatures, the winter moth has
spread from the more temperate Norwegian coasts in the north (kept warm by the Gulf
Stream) to the colder continental areas in Finnish Lapland (Bylund 1999, Jepsen et al.
2008, I). The winter moth was previously considered a threat only in western and
central Europe (Lindner et al. 2008); now, however, it has already caused severe
defoliation to mountain birch forests in its new outbreak range (Klemola et al. 2008,
Jepsen et al. 2009).

The two moth species are highly similar in their life-cycle (for details see 2.2). The
resident autumnal moth and the invasive winter moth are both attacked by shared
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generalist predators and parasitoids that lack other host alternatives in these areas
(Ruohomiki et al. 2000, Klemola et al. 2002, V). Where the two species have
previously been known to coexist in the north, for example on certain mountain slopes,
they tend to prefer different altitudinal zones: autumnal moths are most abundant at the
medium and high altitudes, and winter moths at low and medium altitudes (Tenow
1996, Mjaaseth et al. 2005). As a consequence of these similarities, autumnal and
winter moths are bound to interact, directly and indirectly, at all stages of their
univoltine life-cycle.

Where their outbreak areas overlap, the population dynamics of the two insect
herbivores have often been observed to be phase-locked, but with the cycle phases of
the winter moth lagging 1-3 years behind those of the autumnal moth (Tenow 1972,
Hogstad 2005, Tenow et al. 2007). These asynchronous population cycles have also
been observed in the new sympatric area, creating almost continuous high defoliation
pressure on the shared host plant (Klemola et al. 2008, V); food quality is thus ruled
out as the reason for this asynchronicity in population cycles. Apparent competition via
shared predators and parasitoids has been suggested as an explanation for the phase-
lagged cycles of the winter moth (Klemola et al. 2008, V). A strong preference (or full
specialization) by a shared natural enemy for one of the two moth species could
suppress the densities of the preferred moth species and allow those of the other
species to increase.

In addition to the winter moth, yet another geometrid moth species now threatens to
invade the mountain-birch forests of northern Fennoscandia. The scarce umber moth
(Agriopis aurantiaria [Hibner] [Lepidoptera: Geometridae]) has a life history very
similar to the autumnal and winter moth and has reached outbreak densities with the
potential for large-scale defoliation. During recent years the scarce umber moth has
spread north through coastal northern Norway (Nilssen 2007, Jepsen et al. 2011),
closely resembling the range expansion route of the winter moth (Jepsen et al. 2008).

1.5 Aims of the thesis

The invasive winter moth has a significant potential to expand its outbreak range even
further inland and affect the mountain birch community by direct and indirect
interactions. In addition, a strong potential may exist in the scarce umber moth and to a
lesser extent in another two potential invaders to spread their ranges towards the
mountain-birch forests in northern Finland (see I). The aims of this thesis were to
investigate the potential in these species to spread to new areas in the north and to find
out in what extent the new species may affect the resident species and the whole
mountain birch ecosystem via interactions. To answer these main questions, I have
investigated possible factors affecting these new invaders: I have also looked in greater
detail at interactions between the winter moth and the mountain birch ecosystem in
northern Finland. I have explored the effects and interactions at multiple trophic levels:
from the effects of restrictive abiotic conditions to host plant quality and interspecific
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interactions, including indirect interactions and trophic cascades potentially induced by
the invasive species. In the individual case studies I have used various methods, from
laboratory tests to experiments in nature, investigating factors ranging from genetic
diversity to larger regional units and from a relatively short time span to evolutionary
hypotheses.

In case study I I studied the cold-tolerance of the winter moth and other potential
invasive geometrids in the laboratory, measuring the ice nucleation temperatures of
overwintering eggs. I also tested overwintering survival in relation to minimum winter
temperatures in an experiment in natural conditions and compared the cold-tolerances
of the invaders to that of the resident autumnal moth. Based on the cold-tolerance
results and on published models of the effect of global warming on winter temperatures
in boreal Fennoscandia, I predicted the extent of possible further expansion of the
outbreak range and the possibility of other potential invaders shifting their ranges to
these areas.

In study II I explored the responses of the rapidly expanding winter moth and the
potentially invasive scarce umber moth to host-plant genetic and local environmental
variation, in order to determine the adaptation potential of these invasive pests. The
invaders were compared to the resident autumnal moth in order to discover the
spreading potential of the invasive species. Larval performances were recorded on
eleven genetically diverse mountain birch families originating from central Lapland
and from the Utsjoki area. Rearing took place in two different environments in order to
determine the effect of variation in local environmental scale in addition to effects
occurring on a larger geographical scale and in relation to host plant genotype.
Adaptation potential was investigated by measuring variation in moth fecundity due to
host genotype. Finally, I investigated whether the quality of the host tree is the same
for all three species, and whether selection pressure from the defoliators directs the
population genetic structure of host tree resistance in the same or the opposite direction.
This was done by comparing the genetic and phenotypic correlations of mountain birch
quality between the invaders and the resident moth species.

Direct and indirect interactions between the invasive winter moth and the resident
autumnal moth were investigated in studies III, IV and V. Direct
interference/exploitation competition and indirect host-plant-mediated apparent
competition were studied in two field experiments (III). To uncover direct competition,
the performance of moths reared in mixed-species mesh bags at different densities was
compared to that of the same species reared in single-species mesh bags. Similarly,
moth performance after rearing in mixed-species trees was compared to moths reared
in single-species trees in order to determine possible apparent competition via changes
in host plant quality. Short-term apparent competition via generalist pupal predators
and larval parasitoids was similarly examined by comparing predation and parasitism
rates in a mixed-species and a single-species experimental setup (V). In addition, the
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functional response of generalist pupal predators and predator preference for autumnal
and winter moths were investigated in a mixed-species setting at equal and varying
densities (IV, V). Finally, parasitoid preference for the invasive and the resident
species was investigated by comparing parasitoid assemblage and parasitism rates in an
experimental setup and in field-collected larvae (V).

The causes underlying the puzzling asynchrony of the autumnal and winter moth
populations were hypothesized and investigated in studies III, IV, V and VI. With
high densities at the peak phase of the cycle, strong asymmetric interspecific
exploitation competition could act to start a decline in the population density of the
subordinate competitor (III). A strong parasitoid preference for one species could also
set off an earlier start of the decline phase, while letting the densities of the less
preferred species rise up to a certain threshold (Klemola et al. 2008, V). The bottom
and increase phases of the cycle could be affected by generalist predator preferences or
diverse functional responses with respect to the two species (IV). The findings from
the short-term experiments were utilized in study VI, where the probability of
parasitoid preference and other asymmetric events in contributing to the observed
asynchrony were modelled. A Nicholson-Bailey type model was used as the starting
point, in which the invasion of the winter moth was added using the adaptive dynamics
theory. Long-term effects of asymmetric competition were investigated in parameter
space defining the strength of parasitism preference and the asymmetric effects of
generalist predation. The future of asynchronous population dynamics, and of moth
population dynamics in general, are also discussed in the article.
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2. MATERIAL AND METHODS

2.1 Study area

The study areas were located in the continental boreal and sub-arctic areas of
Fennoscandia. The landscape is dominated by mountain birches as the most common
tree species in these areas (Wielgolaski 1972). The average winter temperature is -13°C,
but extreme temperatures of -40°C and below occur quite often (Turnock & Fields
2005). Milder winters are usually encountered in the more coastal areas of the sub-
arctic zone. The average temperature sum over the year, on a basis of +5°C, does not
normally exceed 700 (Luoto et al. 2006), meaning that the growing season is relatively
short.

Studies II, III and IV in their entirety and studies I and V for the most part were
carried out in the vicinity of the Kevo Subarctic Research Station (69°45°N, 27°01’E,
Figure 1A) in northernmost Finnish Lapland (Utsjoki municipality). One study site was
established closer to the coastal boreal areas in Nuorgam (70°04°N, 27°52°E, study I),
48 km from the research station.

Two tree-line gardens (TLG1 and TLG2) were established close to the Kevo Subarctic
Research Station in the 1970s (Kallio et al. 1986). Seeds from individual trees (such as
mountain birches) were collected from all over northern Fennoscandia, and the free-
pollinated progenies of the mother plants (half-sib families) were planted in the
gardens. These gardens were used for the experimental setup in study I1.

Two study sites in northern Norway were also used in the experiments. Of these,
Skippagurra (70°09°N, 28°13°E) is located approximately 65 km north east of Kevo
and was used in the experiment in study V. The Hana (70°14°N, 28°27’°E) study site
was used in studies V and for the observational data for study VI. This most distant
study site is located approximately 80 km from the Kevo Research Station.

2.2 Study species
2.2.1 Autumnal moth and winter moth

Autumnal moths and winter moths are univoltine forest-dwelling defoliators that use
the mountain birch as their main host in northern Fennoscandia. The eggs hatch
simultaneously with the mountain birch bud break, and the larvae feed on the leaves
throughout the five instars. Winter moths feed inside a leaf roll with the leaves wound
loosely together while autumnal moth larvae feed freely on the leaf (Figure 1B and C).
After the larval period, the moths pupate in the ground. Autumnal moth adults eclose
from mid-August onwards, with winter moths following autumnal moths by a few
weeks, and the females lay their eggs on tree trunks and branches. Autumnal moth
females are relatively poor flyers, and the wingless winter moth females are totally
flightless. Pupal weight correlates strongly with the realised fecundity of the adult
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female in both species (Haukioja & Neuvonen 1985, Tammaru et al. 1996, Heisswolf
et al. 2009, V). The moth eggs overwinter, with a slight difference in temperature
tolerance: autumnal moth eggs can survive temperatures as low as -36°C (Nilssen &
Tenow 1990, Virtanen et al. 1998, I), while winter moth eggs usually die at
approximately -35°C (MacPhee 1967, I).

The two moth species share their generalist invertebrate and vertebrate predators.
These include for example ants, beetles, spiders, birds and small mammals (e.g. voles
and shrews), that attack the moth eggs, larvae and pupae. In addition, autumnal and
winter moths are attacked in all life stages by parasitoids. A parasitoid is an insect or
other organism which spends a significant portion of its life cycle attached to or within
a single host organism which it ultimately kills in the process. Some parasitoids are
shared by the autumnal and the invasive winter moth (V).

Both moths exhibit population cycles with a period of nine to eleven years (Tenow
1972, Bylund 1999, Klemola et al. 2002). Overall the cyclic densities may vary from
almost none to nearly 1000 larvae per 1000 short shoots or even higher (Haukioja et al.
1988). The peak population densities sometimes reach outbreak status, and this may
cause severe large-scale defoliation of mountain birches and even tree deaths (Tenow
1972, Lehtonen 1987, Haukioja et al. 1988, Lehtonen & Heikkinen 1995, Klemola et al.
2007, 2008, Jepsen et al. 2008, 2009).

2.2.2 Potential invaders

In addition to the winter moth, other moth species, with similar life history
characteristics, have the potential to invade mountain birch forests in northern Finland.
The larvae of the scarce umber moth also feed on mountain birch leaves; their larval
colour, however, resembles birch branches, unlike the colour of autumnal and winter
moth larvae (Figure 1D). Scarce umber moths pupate at approximately the same time
as autumnal and winter moths, but the adults eclose slightly later than winter moths.
Like winter moth females, scarce umber moth females are wingless and totally
flightless. In Finland, the species range of the scarce umber moth is restricted to
southern areas (Figure 1A). Two other geometrids, the mottled umber moth [Erannis
defoliaria (Clerck)] and the northern winter moth [Operophtera fagata (Scharfenberg)],
are also found in more southern parts of the country than the autumnal or winter moth
(Figure 1A). In their present range, the larvae of these species feed on birches or
mountain birches. The adults eclose late in the autumn; the females of these two
southern species are again wingless. One novel study on the species range
advancement of the scarce umber moth can be found (Jepsen et al. 2011), but no
previous studies on the invasion potential of the two southern species or on the
performance in mountain birch forests of any of the three species have to my
knowledge been published.



16 Material and Methods

orthern winter moth

Scarce umber moth
ottled umber moth

Figure 1. Study area and species. A: Map of Finland and the Kevo Subarctic Research
Station (filled circle). The approximate northern limit of the species ranges for scarce
umber, mottled umber and northern winter moth in Finland are shown by various lines.
Larvae of the autumnal (B), winter (C) and scarce umber moth (D) are shown in
photographs.

2.3 Experimental procedures

In the following, I outline the methods used in the original articles and manuscripts.
The methods used, and the statistical and mathematical analyses, are described in more
detail in the respective articles and manuscripts.

2.3.1 Experimental larvae, pupae and eggs

Experimental larvae were chosen randomly for the experiments from a large set of lab-
reared (II, III, V) or field-collected (III, V) larvae. Young, second or third instar,
larvae were released to feed on mountain birch leaves either in parasitoid proof mesh
bags (I, III) or freely in natural conditions (V). The larvae used in the mesh bag
experiments were reared in the experimental settings throughout their larval period and
collected from the field in their prepupal stage. Prepupae were allowed to pupate in
individual vials in Sphagnum moss.

Ten-day-old pupae were sexed and weighed for fecundity measurements and for the
pupal experiments (IV, V). In the pupal experiments the pupae were buried in soil or
moss either inside small plastic cages or with their pupal cocoon visibility enhanced by
glitter (for the latter method see Tanhuanpii et al. 1999). Each pupa buried in the
cages was marked individually. The locations of the buried glittering pupae were
marked with a wooden stick, but no individual weight or sex information was
maintained. After two to five weeks exposure, the pupae were re-collected and their
fate was checked for invertebrate and vertebrate predation and parasitism.
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Twenty females from northern populations of autumnal and winter moths and fourteen
scarce umber females were mated with random males and allowed to lay eggs.
Southern autumnal moths were collected as larvae from Naantali and Vahto in the
vicinity of Turku, while southern samples of winter, scarce umber, mottled umber and
northern winter moths were collected as adults from the Botanical Garden of the
University of Turku (60°26> N, 22°10° E), located on the island of Ruissalo in
southwest Finland. Eggs from the progenies of nine each of autumnal, winter and
scarce umber moth, five mottled umber moths and two northern winter moths from the
southern populations were used in the experiments concerning egg cold-tolerance
(Figure 2, I).

Figure 2. Setup for the cold-tolerance laboratory test. Eggs of five moth species were
used to compare egg cold-tolerance between invasive, potentially invasive and resident
moth species in a laboratory test. Egg cold-tolerance was measured in a chamber with
four units. Each unit consisted of one control tube and three test tubes. Temperature
differences between the control and test tubes were measured while the ambient
temperature in the chamber was gradually lowered to -50°C.

2.3.2 Egg cold-tolerance

The egg cold-tolerances of northern and southern moth populations were tested in the
laboratory by determining the ice nucleation temperature (I). This was done by means
of differential thermal analyses (DTA, Veteli et al. 2005): the differences in
temperature between an empty control tube and the three test tubes with the eggs were
recorded while the ambient temperature was reduced by 5°C per hour down to -50°C
(Figure 2). A sudden peak in the thermal difference indicates the ice nucleation, i.e. the
death, of an egg (Figure 1 in study I). The median peaks from the DTA analyses were
compared among species and populations in order to determine the differences in the
potential for cold-tolerance.

The cold-tolerance of moth eggs in natural conditions was examined by establishing
three altitudinal transects (I): two located near the Kevo Subarctic Research Station
and one in Nuorgam. The altitudinal transects were used to obtain a naturally varying
minimum temperature range at the overwintering sites. Eggs from the northern moth
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populations were placed at five points along the transects, either on natural material
(autumnal and winter moth) or in small, closed plastic tubes (scarce umber moth). Data
loggers recorded minimum temperatures at each transect point. The eggs were allowed
to overwinter from October through May, when they were re-collected and their state
was checked in the laboratory (Figure 3). The survival probabilities of the moth eggs
were compared among species, transects and minimum temperatures at transect points.

Figure 3. Examples of moth eggs under inspection with a microscope. The state of each
moth egg was checked with a microscope after overwintering at one of the three
transects. Left: fertilised, red, autumnal moth egg laid on a twig. Centre: dead moth egg
after overwintering. Right: empty moth egg (larva already hatched).

2.3.3 Maps of minimum daily temperatures

Temperature maps of past and future winter minimum temperatures were drawn
according to observed species-specific cold-tolerances for the autumnal, winter and
scarce umber moth (I). These cold-tolerances were used as threshold values, in
calculating the frequency of years with minimum temperatures below or at the
threshold value. Maps were drawn both for past minimum temperatures for the years
1950-2009 and for predicted minimum temperatures for 2011-2040 (Figure 4 and S2
in study I). Predicted values were based on the median of minimum temperature
predictions from seven Global Climate Model (GCM) and Regional Climate Model
(RCM) pairs obtained from published data. The resulting maps served as a basis for
predicting the expansion of the invasive winter moth and the potentially invasive
scarce umber moth.

2.3.4 Variation in food quality

Variation in experienced food quality due to host plant genotype and location was
investigated in study II. Autumnal and winter moth larvae were reared in mesh bags on
11 half-sib mountain birch families. Four of the 11 half-sib families originated from
central Finnish Lapland (C), the other seven from the Utsjoki area (U). Two mesh bags,
each containing 11 larvae of either the autumnal or the winter moth, were placed on
four trees from each half-sib family (Figure 4). The experiment was carried out in both
tree-line gardens (TLG1 and TLG2). In TLGI1 a third mesh bag, containing nine scarce
umber moth larvae, was placed on two trees from nine families. Due to the small
number of scarce umber moth larvae, this was not repeated in TLG2.
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Differences in resident and invasive moth life history parameters were investigated
according to tree family, small scale environment (TLG1 or TLG2) and larger scale
environment (C or U). In addition, I estimated variation in pupal mass and fecundity
according to tree genotype. Genetic variance (Va) and the coefficient of genetic
variation (CV,) were calculated from the observed variances according to Houle
(1992), Falconer & Mackay (1996) and Fry (2004). Furthermore, genotypic and
phenotypic correlations were used to investigate possible cascading effects via
selection pressure changes in plant responses due to invasive species (Ahlholm et al.
2002).

Figure 4. General setup for mesh
bag rearing. This experimental
setup was also used in the tree-line
garden experiments for measuring
the effects of food quality on moth
larvae. Most of the trees held two
mesh bags, with one bag containing
autumnal and one winter moth
larvae. A few trees also held a third
mesh bag, containing scarce umber
moth larvae.

2.3.5 Competition experiments

Direct interspecific competition and the strength of intraspecific competition were
explored in study III. To study direct competition, autumnal (AM) and winter moth
(WM) larvae were reared in a set-up with both species (mixed-treatment) or only one
species (single-treatment) present in the mesh bag, in three densities (total 10, 20 or 30
larvae per mesh bag; Figure S1 B in study III). All three treatments were placed on one
polycormic tree. Each density was repeated on eight individual mountain birches, the
overall number of density replicates thus being 24. The pupal masses of larvae reared
in the mixed-treatment were then compared to those in the single-treatment.

In study III, indirect competition via host plant was also explored. Ten groups of three
trees each were selected for the experimental setup (Figure S1 A in study III). Each
tree held two mesh bags (as in Figure 4), each with 20 larvae from one of the two
species. The trees were divided into single- or mixed-treatment. In the single-treatment
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trees, larvae of only one species — autumnal moth (AM) or winter moth (WM) — were
feeding on the tree. In the mixed-treatment tree, one mesh bag held larvae of the
autumnal moth, and the other those of the winter moth. The pupal masses of larvae
reared on mixed-treatment trees were compared to those reared on the corresponding
single-treatment trees. Differences in pupal masses between mixed-treatment and
single-treatment trees would reflect the effect of changes in food quality for one
species in the presence of the other.

Differences in pupal predation between autumnal and winter moths, and the functional
response of invertebrate and vertebrate pupal predators, were investigated in studies IV
and V. In study IV, pupae were buried in the soil in small plastic cages at two transects.
Each transect held ten study patches with seven different pupal densities (2, 3, 4.5, 8,
12.5, 18 or 36 pupae/m’, Figure 1 in study IV). The three lowest densities were each
repeated twice per transect. Each buried cage held one autumnal and one winter moth
pupa, except at the highest density, where two pupae per species were placed in one
cage. In study V, ten pupae with glittering cocoons were buried at four parallel
transects. At each transect, pupae from only a single species were buried in the soil.
Three transects were chosen for autumnal moth pupae and one for winter moth pupae.
The set of four transects was repeated at five locations.

Indirect short-term apparent competition via natural enemies was studied in article V.
Larval parasitism was studied by collecting samples of both species from a sympatric
area at Hana and in an experimental study in the Kevo area (V). In the experimental
study, autumnal and winter moth larvae were grown on trees on five study plots. The
setting was similar to that used in study III: each study plot consisted of four single-
treatment trees with autumnal moths, four single-treatment trees with winter moth and
four mixed-treatment trees with both species (Figure 2A in study V). The four trees
chosen to represent the same treatment were close to each other, while the distance
between treatments was approximately 40 meters. 40 larvae per tree were first grown
in mesh bags and then allowed to feed freely on the foliage for eight days; they were
then re-collected and reared through the remaining instars in the laboratory. Parasitism
was checked from later larval instars and pupae. Short-term apparent competition via
pupal predators was investigated by burying pupae in the soil in cages. Cages were
buried at two study sites and one transect. Four patches were established in a diamond
shape: single-treatment with autumnal moth, single-treatment with winter moth, and
two mixed-treatment patches (Figure 2B in study V). In addition, three transects were
established at Skippagurra with mixed-treatment cages only. Parasitism and predation
probabilities were compared between the mixed- and single-treatments of each
individual species and between species.

2.3.6 Modelling

In study VI, I used a mathematical model to explore the possible outcomes of the
invasion of winter moths into the mountain birch ecosystem. More specifically, I
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investigated the impact of observed short-term asymmetric effects via generalist
predators and parasitoids on the long-term population dynamics of the winter and
autumnal moth. In addition, I examined the possibility of apparent competition as the
cause of the time lag between the population cycles of the autumnal and winter moth in
the sympatric area at Hana. A Nicholson-Bailey type model was constructed to
describe the dynamics of two moth species sharing a solitary late larval parasitoid and
suffering from the asymmetric effects of competition via a generalist predator
(Equations 1 and 2 in study VI). The model dynamics were first studied with the
presence of one moth species and the parasitoid. In the second stage an invasion of the
second moth species was added and the possibility of coexistence of two moth species
and evolutionary consequences of the invasion were investigated using the framework
of adaptive dynamics theory.

The fate of the invader population, according to the invasion fitnesses calculated for
mutations in trait m (parasitism probability and asymmetric effects of competition) was
studied in an environment created by the resident population. The signs of invasion
fitnesses in dependence on resident and mutant strategies (trait values) were plotted. A
range of pairs of trait values, when the coexistence of the two populations is possible,
was then defined according to positive invasion fitness for both populations. The
natures of the singular strategies, representing the possible endpoints of evolution in
the three-species system, were studied from the pairwise invasibility plot thus formed.
Possible evolutionary outcomes and population dynamics following the invasion were
examined. Finally, the long-term effects of apparent competition were investigated by
comparing the average population density of the resident species in one-moth
environment to the average population density after invasion by the second moth
species.
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3. RESULTS AND DISCUSSION

3.1 Survival of moth eggs in a changing climate

As also previously reported (MacPhee 1967, Nilssen & Tenow 1990), cold-tolerance
differed between autumnal and winter moths by approximately one degree (°C)
measured with DTA (Figure 3 in study I, Table 1). A small difference was also
observed between northern and southern populations, with the southern populations of
all species studied tolerating slightly lower temperatures (I). More notably, scarce
umber moth eggs required temperatures several degrees higher than autumnal or winter
moths for survival; they are thus not likely in the near future to spread to areas with a
continental climate. The cold-tolerances of mottled umber and northern winter moths
from southern populations were higher than those found for the scarce umber moth, but
lower than those of the winter moth. While the results for the two southern species
might be only indicative, the cold-tolerance results suggest a potential also in these two
species to spread to more northern areas.

Table 1. Cold-tolerance results for all five moth species. Cold-tolerances were
investigated for all five study species in a laboratory test. Means of the median ice
nucleation temperatures are shown with the corresponding 95 % confidence limits
obtained from the statistical analyses (described in more detail in study I). Results shown
by species and by population origin.

South population North population

Species Mean (°C) 95 %cl | Mean (°C) 95 % cl
Autumnal moth -37.0 +0.5 -36.7 +0.6
Winter moth -36.5 +0.5 -35.8 +0.5
Scarce umber moth -31.5 +0.5 -31.2 +0.5
Mottled umber moth -33.4 +2.7

Northern winter moth -35.6 +2.4

The naturally variable winter conditions reduced survival probability already at
temperatures a couple of degrees higher than the cold-tolerances measured with DTA
(I). This difference was probably due to differences in the dormant stage of the moth
eggs between the laboratory and the field tests (Nilssen & Tenow 1990, Virtanen et al.
1998). Cold-tolerances in natural conditions at two transects nevertheless reflected
overall differences between species. Autumnal moths tolerated cold temperatures
slightly better than winter moths, but the overall response to falling temperatures was
the same for both species (Figures 2A and 2B in study I). At the third transect, other
abiotic conditions than temperature, such as humidity or wind conditions, probably had
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a negative effect on overwintering autumnal moth eggs, but little or no effect on winter
moth eggs (Figure 2C in study I). This suggests that such abiotic conditions might play
a greater role in insect cold-tolerance than previously thought. In the case of the scarce
umber moth eggs, the minimum winter temperatures at the study sites were lower than
the median cold-tolerance found for this species; thus none of the eggs survived the
winter of the study year.

The minimum winter temperatures in continental boreal and sub-arctic areas have
become milder over the last decades (Figure S2 in study I). This has allowed the
expansion of the winter moth outbreak area. The temperatures, however, are not high
enough to allow the scarce umber moth to spread to continental areas (Figure S2 in
study I). According to global warming predictions, lethal winter temperatures for
autumnal and winter moth eggs will only rarely be reached over the next 30 years
(Figure 4 column C in study I). Areas, with winter temperatures lethal for the scarce
umber moth are also predicted to diminish (Figure 4 column C in study I). In the future,
the species ranges of all three geometrid moths may thus expand.

3.2 Adaptation to host plant quality variation

Study II investigated and compared adaptation to food quality variation, on a genetic,
environmental and geographical scale, in the resident autumnal moth, the invasive
winter moth and the potentially invasive scarce umber moth. Pupal masses of the
invasive winter moth were less strongly affected by the variation in host plant quality
than were those of the resident autumnal moth (Figure 1 in study II). Tree family,
environment and geographical origin of the tree family all gave rise to more variation
in autumnal moth fecundity than in that of the winter moth. The effects of natural
variation in mountain birch quality have previously been shown to affect moth
fecundity (Hanhiméki et al. 1994, Virtanen & Neuvonen 1999). The results for the
winter moth and the scarce umber moth indicate that significant differences may occur
in the effect of host plant quality, even in closely related invasive species.

The development time of winter moth larvae, however, varied greatly due to tree
family, environment and geographical origin of the tree family (Figure 2 in study II).
In the case of the autumnal moth environmental and geographical origin were less
important as causes of variation in development times. In general, it is known that
insect defoliators are able to compensate at least to some extent for poor host plant
quality with longer development times (Ayres & Maclean 1987, Roslin & Salminen
2009). Thus the winter moth may be relatively good at compensating for poor food
quality: winter moths showed a relatively constant pupal mass over host tree families,
but greater variation in development times.

This study is the first to measure the effect of food quality on the winter and scarce
umber moth, in addition to the much studied autumnal moth. The results suggest a
much stronger ability to adapt to genetic, environmental and geographical variation in
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host plant quality in the winter moth than in the autumnal moth (Figures 1 and 2 and
Table 2 in study II). The results for the scarce umber moth were similar to those for
winter moth. Mountain birch quality affected the fecundities of all three species in the
same direction. Thus no indirect effects on resident moth species are expected due to
changes in host plant responses to defoliation inflicted by the invasive moth species.
However, other organisms may be diversely affected by the birch response to moth
defoliation; thus an increase in defoliator selection pressure may increase the exposure
of mountain birches to other threats, such as pathogens (Ahlholm et al. 2002).

3.3 Direct and indirect competition
3.3.1 Direct competition

Evidence of asymmetric effects of direct competition via either behavioural interaction
or exploitation competition was observed in study III. Living in close contact with the
competing resident species did not significantly affect winter moth fecundity. The
development time of winter moth larvae was likewise unaffected by the presence of
autumnal moths. The survival probability of winter moths, however, was significantly
higher when living together with autumnal moths than when living with conspecifics in
single-species mesh bags (Figure 4 in study III).

In general density had a negative effect on both autumnal and winter moth larvae, as
also observed in previous studies (Tammaru et al. 2000, Ruohomiki et al. 2003,
Klemola et al. 2008). The fecundity of the autumnal moth, however, was affected by
larval density already at lower levels compared to winter moth fecundity, which was
significantly affected only at the highest larval densities. In addition, the fecundity of
autumnal moth females was observed to be slightly lower already at low densities
when winter moths were present in the same mesh bags compared to their fecundity in
the single-species bags (Figure 2A in study III).

Overall, the results show that the resident autumnal moth may be more negatively
affected by the presence of competing species than the invasive winter moth. This may
be due to behavioural differences in feeding. Winter moth larvae tend to prefer feeding
in mountain birch leaves loosely wound together with silk threads, while autumnal
moths feed freely on the leaves (Tenow 1972 and pers. obs.). Autumnal moths may
find leaves wound together by winter moths a less desirable food than free leaves.

As a consequence of these feeding behaviours, intraspecific competition may be more
important for winter moth larvae than inter-specific direct competition. In a situation
where the amount of leaves is restricted, winter moths may have better access to leaves
when living with autumnal moths that browse from leaf to leaf than when living with
conspecifics that occupy a leaf roll. The feeding behaviour of winter moths may be the
reason behind the increased survival probability of the invader when living with the
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resident autumnal moth in comparison to winter moths living in single-species mesh
bags.

3.3.2 Indirect and apparent competition

Comparison of the performance of autumnal and winter moths feeding on the same tree
as against single-species trees yielded slight indications of apparent competition via
host plant (IIT). Moth performance was not directly affected by the presence of another
species feeding on the same tree. Autumnal moth fecundity, on the other hand,
diminished more radically with increasing defoliation of the mixed-treatment trees than
in the single-treatment ones (Figure 1 in study III). While an overall negative effect of
defoliation was predictable (e.g. Ruohomaéki et al. 2003), the asymmetrical effect on
the reproductive output of autumnal moths may reflect slight changes in the quality of
mountain birch as food due to the invasive winter moth. Thus the results are evidence
of indirect competition via the host plant, with a (more) negative effect on the resident
autumnal moth.

Vertebrate and invertebrate generalist predators attacked winter moth pupae nearly
three times more often than autumnal moth pupae, independent of pupal density (IV
and V), although with some environmental variation (V). Despite the observed
preference, the probability of predation did not differ between the mixed-treatment and
the single-treatment (V). In addition, predators responded to both moth densities in an
exponential asymptotic manner (Table 1 and Figure 2 in study IV). No evidence was
thus found of short-term apparent competition between the resident and the invasive
species via generalist predators.

In study V, autumnal and winter moths were found to share some of their larval
parasitoids (Table 2 in study V). Larval parasitism rates were notably higher for
autumnal than winter moths, showing a clear preference towards the resident species
(Figure 3 in study V). However, no differences were observed between the mixed-
treatment and single-species larval exposure treatment. There thus seems again to be
no short-term apparent competition between autumnal and winter moths via specialist
parasitoids.

The observed differences in pupal predation may account for the observed time lag in
moth population dynamics, affecting the bottom and early increase phases of the cycles
(e.g. Morris et al. 1958, Turchin 2003). The predation preference of invertebrate pupal
predators towards winter moths could cause a later start of the increase phase for
winter moth population cycles (IV and V). A comparison of the response curves
(Figure 2 in study IV) also suggests that the predator community becomes saturated at
much lower densities of autumnal than of winter moth pupae. As a consequence,
autumnal moths are seemingly able to escape the regulating influence of their
generalist natural enemies at much lower population densities than winter moths. This
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could allow a more rapid population size increase for autumnal moths, with winter
moth densities following with a lag, as observed in nature.

The parasitism preference for autumnal moths is another possible explanation for the
divergent population dynamics of autumnal and winter moths (V). Parasitoids are
nearly absent in the early increase phase of cycles in the mountain birch system, but
parasitism rates increase rapidly at the peak and post-peak phases of the cycle at least
for autumnal moths (Tenow 1972, Bylund 1995, Ruohomaiki et al. 2000, Klemola et al.
2007). The asymmetric preference of parasitoids may cause an earlier collapse of the
autumnal moth density but allow winter moths still increasing to their own peak
density.

Application of the two-host-one parasitoid model, with the asymmetric effects of
generalist predator and specialist parasitoid preferences, indeed successfully generated
the observed divergent population dynamics (VI). With the parameters of observed
equal realized fecundity, equal carrying capacity and mortality, differences in
parasitoid preference, and the effects of asymmetric competition via generalist
predators, the model was able to produce the observed asynchronous population cycles
observed in Hana (Figure 1 in study V, Figures 5 and 6 in study VI). However, trait
evolution in the modelled system seems to follow a branching-extinction cycle (Figure
3B in study VI). This implies that the observed asynchronous cycles may not persist
over an evolutionary time scale, but that drastic changes in the community may be
inflicted by the invasive moth species.

According to previous observations, when parasitoid preference towards two hosts is
not equal, the effect of interactions is often positive for the less vulnerable species and
negative for the more vulnerable one (Brassil & Abrams 2004). Indeed, our model
showed that in most cases the average population density of the resident species, with
higher parasitism rates, was reduced by the invasion of a closely related species (Figure
5 and Figure 4B in study VI). It has previously been reported that cyclic dynamics
often dampen the effect of apparent competition (Abrams et al. 1998); the negative
effect found here, however, was observed irrespective of the population dynamics in
the modelled system (Figure 4B in study VI).

Alternatively to cycles that covered little over half of the dynamics observed in
coexistence (Figure 4A in study VI), moth population densities in the model were able
to reach quite stable dynamics (Figure 5). The dominant species, however, was not
always defined by lower parasitoid preference: the species with a higher population
density was not the same for all pairs of parasitism rates in the study (Figure 5). When
differences in parasitism preference were pronounced, the modelled dynamics led in at
least one case to the extinction of the preferred species (Figure 5).
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Figure 5. Possible population dynamics in the parameter area of coexistence. Population
densities are shown for moth species 1 (gray) and 2 (black) for parameter pairs (m;, m,)
in the parameter area, where coexistence is possible in the two-host— one parasitoid
population dynamics. Parameter m; describes the asymmetric effect of interspecific
interactions for species i. More than half of the parameter space investigated produced
cyclic dynamics. Where non-cyclic dynamics were observed, the outcome of the
population densities varied according to the parameters. Moth species 1 represents an
invader species with lower parameter values of m and moth species 2 a resident species
with higher parameter values of m.
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4. CONCLUSIONS

Over the last 60 years, the winters in northern Fennoscandia have become clearly
milder (Figure S2 in study I). These milder winters have allowed winter moths to
expand their range to new areas and to invade continental areas of Finnish Lapland
(Jepsen et al. 2008, Klemola et al. 2008). The findings of this thesis suggest that in the
future winter minimum temperatures will be even less important in determining the
abundances of the invasive winter moth, as well as those of a potential invader, the
scarce umber moth (I). Thus winter moths, and to a lesser extent scarce umber moths,
can be expected to spread to much larger areas in the north than their current
distribution. The range of possible changes in present interactions within the boreal and
sub-arctic ecosystem may thus likewise change from a small local scale to larger
regional one.

Winter moths have been found in continental Finnish Lapland for several years now
(Klemola et al. 2008), and they interact with the mountain birch ecosystem directly on
several trophic levels. Although herbivores can be greatly affected by the quality of
their host plant, food quality affected the winter moth to a lesser extent than the
resident autumnal moth (II). This is probably due to a higher adaptation capacity in the
invasive species, and its ability to compensate (II). Clearly, the distribution of the
winter moth population is not shaped by variation in mountain birch quality as a food
for defoliators.

Direct or indirect competition with the resident autumnal moth is also unlikely to
restrict the distribution of the invading winter moth. Quite the contrary: the winter
moth seemed to be a better competitor, affecting autumnal moth fecundity especially at
high densities and even benefitting from coexistence (III). Pupal predators, on the
other hand, seemed to prefer winter moth pupae over those of the autumnal moth (IV).
Nevertheless, as generalist predators are only likely to affect the species at low
population densities (Turchin 2003, IV), the observed preference might not affect
species abundance as a whole. On the other hand, specialist parasitoids are also able to
respond to high population densities (Berryman et al. 1996, Klemola et al. 2010).
Parasitism rates for the winter moth, however, were significantly lower than those for
the autumnal moth (V).

While the two moth species shared some parasitoids in the new outbreak area as well,
it is possible, that parasitoids specialised in winter moths had not yet been able to
follow their host species to the new outbreak area, or that parasitoids in the new area
are too imprinted on the resident autumnal moth to affect the winter moth population
significantly. Furthermore, the study year represented a post-outbreak year for the
autumnal moth but a peak year for the winter moth; thus the parasitism rates may have
been naturally high for autumnal moths and low for winter moths. After study V was
completed, in 2009-2010, a gregarious braconid parasitoid was found in a large
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proportion of winter moth larvae (T. Klemola personal communication). It thus seems
that after seven years a specialist parasitoid for the winter moth was able to follow its
host range expansion. This delayed expansion of the specialist parasitoid indicates a
delayed density-dependent response in parasitoids to winter moth population densities.
It is thus possible, that parasitoids are behind the cycles of the winter moth as well as
for those of the autumnal moth

The invasive winter moth was observed to have some indirect effects on the mountain
birch ecosystem. Indirect apparent competition via the host plant affected the resident
species, but had no negative effect on the invader. The findings presented in this thesis,
however, show that the invader is not likely to affect the direction of selection pressure
on the mountain birch (II), thus not inflicting any indirect effects on the resident
species via the host plant in this manner.

Short-term apparent competition between the two species via generalist pupal predators
or parasitoids was not observed. However, since direct interactions were observed
especially in relation to higher density, any asymmetric factor influencing population
densities is likely to induce additional indirect apparent effects. Predation on winter
and autumnal moths can thus cause indirect asymmetric effects in this manner to lesser
extent, since generalists can respond to moth densities only at low cycle phases.
Parasitoids, however, can have more influence on moth abundances (Klemola et al.
2010) and are thus more likely to cause indirect effects.

The effects of apparent competition were indeed observed on a longer time scale with
the mathematical model (VI). The results of the modelled dynamics suggest that long-
term apparent competition, with a negative impact on the resident species, occurs in a
major portion of the parameter area. In addition, generalist predators and parasitoids
might produce the asynchronous population dynamics observed. However, the lack of
a stable attractor in the modelled system implies that the asynchronous cycles observed
at the beginning of the invasion may not persist over an evolutionary time frame.
Alternative population dynamics included cycles with different amplitudes, stable
population densities with the winter moth and autumnal moth alternating as the
dominant species, and the extinction of the resident defoliator.

Many of the interactions between the invaders and the mountain birch community were
investigated in this thesis for the first time. Little effort has likewise been made
previously in modelling this seemingly simple, yet actually highly complex ecosystem.
These studies have shown that the interactions between the invaders and the local
ecosystem are affected by a multitude of factors. However, few restrictive effects, or
none, were observed for the invasive winter moth. On the contrary: the invader actually
had negative impact on the resident species, through direct and indirect interactions.
The long cycles of both of these defoliator species limits the extent to which the overall
impact of the invader can be seen in the mountain birch ecosystem over a short time
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scale. In addition, the invasion of the winter moth is a relatively new phenomenon; thus
the interactions may still change, due for example to new parasitoid species tracking
the expansion of the winter moth’s range. Nevertheless, the modelling of long-term
interactions between the resident autumnal moth and the invasive winter moth with
their currently shared enemies showed that drastic changes in the northern ecosystem
may be taking place. Possible future scenarios include the persistence of three-species
cycles with high and long-lasting defoliation pressure on the mountain birch, or
alternatively the extinction or radical reduction of the resident species. To conclude:
winter moths may be able to further expand their species range to more continental
areas; they may thereby inflict direct and indirect effects on the resident autumnal moth
and the whole mountain birch community, over both a small and a large geographical
area, and over both a short-term and a long-term time scale.
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