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”I am dying by inches from not having anybody to talk to about insects”
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ABSTRACT

ABSTRACT

Climate change is affecting species distribu-
tions and phenologies. These changes may in 
turn affect how species interact with each other. 
Thus, species-specific effects of a changing envi-
ronment are expected to affect the whole food 
web. Due to this complexity, community and 
ecosystem level responses to climate change are 
still relatively poorly understood. In this thesis I 
use the Arctic ecosystem to fill in some of this 
knowledge gap. For this, the interaction webs of 
Arctic communities are ideal, as they are simple 
enough to sample adequately. At the same time, 
the Arctic has been warming twice as fast as the 
rest of the globe, likely accentuating the effects of 
climate change. 

In my thesis, I concentrate on a module of 
the total food web, the insect parasitoids, insect 
herbivores and a widespread flowering plant, 
Mountain Avens (Dryas). I specifically study how 
climatic factors affect each species in the com-
munity, whether species’ responses be predicted 
based on species traits such as parasitism strat-
egy (koinobiontism versus idiobiontism), and 
whether different trophic levels respond in con-
cert. To strengthen my conclusions as based on 
a purely observational study design, I approach 
these questions at different spatial and tempo-
ral scales. I examine local altitudinal gradients 
within a walking distance. I organize a similar 
sampling at a geographical scale, which includes 
latitudinal variation in climate as well as regions 
which have experienced different types of climate 
change. Finally, I contrast these spatial snapshots 
against a real time series at a single location. 

In the first chapter I asses both how plant 
and arthropod phenologies respond to climatic 
factors over time, but also how the landscape 
level patterns in snow conditions are changing. I 
found phenological sensitivities of arthropods to 
vary with their feeding guild, supporting the idea 
of climate change induced changes in phenologi-
cal matching between interacting species. The 
spatial pattern in the relative timing of snowmelt 
was similar between the years, but with earliest 
melting areas showing the most variability. 

In the second chapter I study the local 
spatial occurrence patterns of parasitoid wasps 

and flies which use herbivorous butterflies and 
moths as their hosts. I also investigate the spa-
tial patterns of specific type of herbivory, the 
florivory on Avens flowers by a specialist herbi-
vore Sympistis zetterstedtii. Furtherore, I study 
the parasitism rates of parasitoids in the larvae 
of this particularly abundant moth. I find that 
warm and dry conditions increase both overall 
parasitoid occurrence and the levels of herbivory. 
Parasitoids however showed marked species-
specific differences in their spatial occurrence 
patterns, some of which can be attributed to 
their species trait of parasitism strategy. Also, the 
manner in which parasitoid abundance translates 
into parasitism rate in Sympistis larvae was differ-
ent between the two influential species. System-
atically contrasting responses in the parasitoid 
community generate the potential for commu-
nity change as climatic conditions change.

In the third and final chapter of this thesis 
I study spatial patterns in the functional para-
sitoid community composition as determined 
by main host group and the influential trait of 
parasitism strategy. I find that geographical pat-
terns in functional parasitoid communities were 
best explained not by of the large variation in 
long-term climatic mean conditions, but by the 
variation in the rate and mode of climate change 
during the past 18 years. Parasitoid communi-
ties in localities which have experienced more 
temperature rise during the summer period 
were characterized by a higher proportion of 
parasitoids using lepidopteran hosts, and a larger 
than expected proportion of these are idiobiont. 
Across a 20-year time series collected at Zacken-
berg, I find that host group abundances respond 
to climatic factors as would be expected if real-
ized climate change really has influenced the 
community compositions of Pan-Arctic parasi-
toid communities.

Taken together, my results show strong 
evidence for climatically driven community 
change. It also brings out that such community 
shifts may already have occurred in the rapidly 
changing Arctic, and that they have been accom-
panied by increases in reproductive losses by key 
plants to herbivory. This suggests that even iso-
lated communities in pristine environments are 
susceptible to climate induced change.
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1 INTRODUCTION

1.1 ANTHROPOGENIC CLIMATE CHANGE 

During the past 150 year, average land surface 
temperatures haven risen globally by around 1 
degree Celsius (IPCC, 2018). A solid body of evi-
dence shows that the ongoing global changes in 
temperature and precipitation (rainfall) patterns 
are not fully explainable by natural processes. 
They are mostly attributable to human actions, 
namely increases in the atmospheric concentra-
tions of greenhouse gasses due to the burning of 
fossil carbon deposits and conversion of natu-
ral lands. According to modelled projections, 
the rise in global mean surface temperatures is 
expected to reach +1.5 to +4.7°C as compared 
to a pre-industrial baseline by the end of the 
century (IPCC, 2014), depending on the fur-
ther development of greenhouse gas emissions. 
A concerning aspect of global warming are the 
several identified positive feedback mechanisms, 
through which the warming itself causes further 
greenhouse gas emissions (Dean et al., 2018) and 
reduced reflectivity (Goosse et al., 2018; Hall, 
2004). Due to these feedback mechanism (Hall, 
2004; Screen & Simmonds, 2010), increased evap-
oration at low latitudes (Hartmann & Michelsen, 
1993), heat transport from lower latitudes (Pier-
rehumbert, 2002; Spielhagen et al., 2011) and the 
limited vertical mixing of night time, winter and 
Arctic atmospheric layers (Bintanja, Graversen, 
& Hazeleger, 2011; Lu & Cai, 2010), the Arctic is 
warming at a rate roughly double that of global 
average.

Climate change has multifaceted impacts on liv-
ing organisms. Some of these impacts are direct, 
affecting e.g. species fecundity directly through 

elevated metabolism in higher temperatures 
(Bowden et al., 2015), while some impacts mani-
fest through how organisms interact with each 
other (Tylianakis, Didham, Bascompte, & War-
dle, 2008). Both types of impacts affect the occur-
rences of species in space and time, thus also 
shaping community assembly processes, which 
further affect net ecosystem functioning (Best, 
Stone, & Stachowicz, 2015; Duffy, 2003; Montoya 
& Raffaelli, 2010; Plas, 2019). Typically, organ-
isms are thought of having thee ways of respond-
ing to climate change: they may either change 
their distribution to stay within their preferred 
climatic conditions (climatic niche), adapt to the 
new conditions, or go extinct. 

1.2 HOW SPECIES RESPOND TO CLIMATE 
CHANGE

For many groups of organisms we have good 
records of species shifting their distributions 
due to climate change (Hickling, Roy, Hill, Fox, 
& Thomas, 2006). For some mobile species, the 
poleward or uphill movement of the leading edge 
of the distribution matches well with the mod-
elled shifts in the species’ climate envelopes, i.e. 
the range of suitable climatic conditions (Chen, 
Hill, Ohlemuller, Roy, & Thomas, 2011; Sunday, 
Bates, & Dulvy, 2012). However, even species 
with high dispersal ability are not guaranteed to 
shift their distribution (Platts et al., 2019). The 
ecological niche of an organisms has also a biotic 
(an Eltonian) aspect to it. The prospective new 
distribution should provide the right interac-
tions: enough food, but not too much competi-
tion or predation. These requirements are more 
easily met if they are loose. For example polypha-
gous (ones that eat many different plants) butter-
flies show much larger distributional shifts than 
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do oligo- or monophagous (ones that eat only 
a few or a single plant species) species (Mattila, 
Kaitala, Komonen, Päivinen, & Kotiaho, 2011). 
Not all species are equally good dispersers, and 
even among butterflies species mobility corre-
lates with observed range shifts (Pöyry, Luoto, 
Heikkinen, Kuussaari, & Saarinen, 2009). The 
importance of these requirements is elevated in a 
world where suitable habitats are found in small 
and far apart fragments (Hof, Levinsky, Araújo, 
& Rahbek, 2011). 

Poor dispersers have only the option of adapting 
to new conditions. Adaptation can take place at 
several timescales. Most organisms studied have 
shown remarkable capability to adapt through 
phenotypic plasticity, the potential for environ-
mental input to affect development and subse-
quent phenotype (the combination of all attri-
butes of an organism)(Gienapp, Teplitsky, Alho, 
Mills, & Merilä, 2008; Merilä & Hendry, 2014). 
However, not all phenotypic plasticity is equally 
useful in the face of climate change, as season-
ally polyphenic species may lack the potential 
to fine-tune their extreme responses (Oostra, 
Saastamoinen, Zwaan, & Wheat, 2018). Where 
phenotypic plasticity can buffer the effects on 
environmental change within an individual’s life-
time, evolutionary processes take longer. Popula-
tions can adapt through selection for favourable 
gene variants. Species with more disparate locally 
adapted populations naturally have more raw 
material for future evolutionary change (Boeye et 
al., 2013, but see Atkins & Travis, 2010). Novel 
evolutionary innovations are rare, but may 
increase in frequency as phenotypes are desta-
bilized at the extremes of plastic developmental 
responses (Aubret & Shine, 2009; Moczek et al., 
2011; West-Eberhard, 2005). Overall, the ongo-
ing climate change may be too rapid for evolu-
tionary processes to keep up.

The perhaps best recorded phenotypic responses 
are changes in the seasonal timing of important 
life history events (or phenology). Events such 
as plants’ budburst, flowering and autumnal leaf 
senescence and likewise animals’ spring emer-
gence, onset of spring and autumn migration etc. 
have in some cases been recorded for centuries 
(Aono & Kazui, 2008). Timing of spring events 

have widely been shown to advance (Parmesan 
& Yohe, 2003; Root et al., 2003; Thackeray et al., 
2016) and autumn events typically get pushed 
later (Gallinat, Primack, & Wagner, 2015). Also 
the duration of the event may change, more 
often than not, by shortening as elevated tem-
peratures speed up metabolism (e.g. Prevéy et 
al., 2019). As with species dispersal, phenologi-
cal changes are not equal among species, which 
may either rely on species-specific environmen-
tal cues or individual species just having differ-
ent norms of reaction. Some generalizations can 
be made based on species traits or their trophic 
position. For instance, Diamond and colleagues 
(2011) associated larger advancement in the first 
appearance dates of butterflies to specialist spe-
cies with narrow diets and certain overwintering 
modes. Meanwhile, predators in general seem 
to have shifted their phenologies less than lower 
trophic levels (Thackeray et al., 2016). 

1.3 CHANGING SPECIES INTERACTIONS

One major effect of species responses to cli-
mate change – be they shift in phenology, range 
modifications or changes in population density 
– is that they will affect the way they interact 
with other species. Interaction webs of species 
can thus gain completely new nodes (species) 
or previously interacting partners may become 
less likely to co-occur in time (Tylianakis et al., 
2008). The extent to which interaction webs will 
be reshuffled will partly depend on the dispar-
ity of species responses. Different organisms rely 
on different cues in the timing of their yearly 
life. This in turn can lead interacting species or 
groups of species to slide out of synchrony with 
each other. In practice, we have seen such pheno-
logical mismatches emerging for example in the 
Arctic where flowers have begun to flower before 
pollinating insects are available in adequate num-
bers (Schmidt et al., 2016).Herbivorous insect 
often have a specific time window during which 
e.g. the host plant nutritional value is at its best. 
Unequal shifts in plant and herbivore phenolo-
gies can lead up to either increased synchrony 
and herbivore population growth or decreased 
synchrony and herbivore declines (Tikkanen, 
Niemelä, & Keränen, 2000; Van Asch, Salis, Hol-
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leman, Van Lith, & Visser, 2013). Similarly, her-
bivores may also slide in or out of synchrony with 
their predators, with demographic consequences 
(Evans, Carlile, Innes, & Pitigala, 2012). 

Population decreases, range constrictions and 
extinctions are also a hard reality for many spe-
cies facing combined pressures from climate 
change and habitat degradation. A key practical 
mission for ecology is to identify the conditions 
in which possible extinctions will have cascad-
ing effects within species interaction networks, 
possibly causing further extinctions, so that they 
could be avoided.

1.4 CLIMATE CHANGE AND HERBIVORY

One of the key type of species interactions, which 
is likely to change due to climate change, is her-
bivory. The level of herbivory has also the poten-
tial to contribute to climate change, as vascular 
plants are among the main carbon fixers in the 
world. 

The study of herbivory in the Arctic is biased 
towards studying vertebrate herbivores (Forch-
hammer, Post, Berg, Høye, & Schmidt, 2008; 
Kaarlejärvi, Hoset, & Olofsson, 2015; Olofsson, 
Hulme, Oksanen, & Suominen, 2004; E. Post 
& Pedersen, 2008; van der Wal, 2006). Admit-
tedly, vertebrate herbivores play important role 
in the ecosystem and are also sensitive to climate 
change driven phenomena like midwinter melt-
freeze events, which are detrimental to both large 
and small mammalian herbivores (Gilg, Sittler, & 
Hanski, 2009; Eric Post et al., 2009). Despite the 
seeming dominance of mammalian herbivores, 
even in the Arctic there are several diverse groups 
of insect herbivores, ranging from orthopterans 
(e.g. grasshoppers), hemipterans (e.g. true bugs, 
aphids and scale insects) to lepidopterans (but-
terflies and moths). Due to their small size, insect 
herbivores cause widely-spread low level plant 
damage, and due to their often remarkable repro-
ductive potential, they can also cause devastating 
outbreaks. In addition, compared to large verte-
brate herbivores, insects can be relatively picky 
eaters, sometimes specializing on a single plant 
species. Overall insect herbivores can have a sig-

nificant effect on the development of plant com-
munities (Brown & Gange, 1992; Brown, 1985).

What keeps herbivores in check is a long-stand-
ing question in ecology. The two extreme posi-
tions are exemplified by the classical dialogue 
in the 1960’s. Hairston and colleagues (1960) 
claimed that “the world is green” owing to the 
top down control of herbivory by predators. This 
solicited a response from Murdoch’s (1966) argu-
ing that the world is, instead, “prickly and tastes 
bad”, emphasizing the role of bottom up effect 
like those mediated by plant defences. The quest 
to quantify the relative impacts of bottom-up 
versus top-down forces is still a matter of active 
research (Vidal & Murphy, 2018; Walker & Jones, 
2001), even more so in the relation to rapid eco-
system change (Harvey, Bukovinszky, & van 
der Putten, 2010; Ruiz-Guerra, Aguilar-Chama, 
León, & Guevara, 2019).

The most prominent change seen in the Arctic 
vegetation is called the Arctic greening or shrub 
expansion, which applies especially to Low-Arc-
tic (Elmendorf, Henry, & Hollister, 2012; Myers-
Smith et al., 2011). As the most abundant of 
greenhouse gasses, Carbon dioxide (CO2), is also 
the main carbon source of vascular plants, car-
bon fertilization promotes plant growth. Taken 
alone, this would mean a reduction in the nutri-
tional value of plant tissues as nitrogen to carbon 
ratios (N:C) would decrease. However, in many 
parts of the world, human action has also caused 
eutrophication of even natural areas through e.g. 
increased atmospheric nitrogen deposition. The 
warming of soils also alters the microbiological 
processes, also changing the availability of nutri-
ents for plants (Mikan, Schimel, & Doyle, 2002; 
Sanders-DeMott, McNellis, Jabouri, & Templer, 
2018). This is especially influential in the Arc-
tic where the slow microbial activity of frozen 
soils limits the amount of nutrients available for 
plants. The relationship between soil and air tem-
peratures is such that where winter precipitation 
(snow depth) has been reduced, winter soil tem-
peratures have in fact gotten colder despite rising 
ambient temperatures (P. J. Brown & DeGaetano, 
2011; Zhu, Ives, Zhang, Guo, & Radeloff, 2019). 
Due to changes in temperature and nutrient 
availability, plant growth, quality and defences 
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are all liable to change, exerting bottom up effects 
on herbivores.

Insect herbivores are themselves sensitive to 
changes in ambient temperatures by the virtue of 
their physiology. The metabolic rate of predomi-
nantly ecto- and poikilothermic insect herbivores 
is relative to ambient temperature, i.e. they rely 
on external heat sources to raise their body tem-
perature and allow their body temperature to fol-
low ambient temperatures. Elevated temperature 
has shown to increase insect herbivore mobility, 
growth rate, adult size and fecundity (Greyson-
Gaito, Barbour, Rodriguez-Cabal, Crutsinger, 
& Henry, 2016). On the flip side, elevated tem-
peratures and thus higher metabolic rate during 
diapause (the inactive period, e.g. overwintering, 
during which the animal does not feed) can lead 
to smaller adult size, fecundity and premature 
eclosion (Bowden et al., 2015). It is common for 
herbivores to temporally optimise for host plant 
quality or to avoid its defences. Also, the herbi-
vores themselves have different dietary require-
ments at different stages of their development. 
Typically, this means the most demanding hatch-
lings requiring the softest and most nutritional 
seedlings, buds, shoots etc. Here phenological 
mismatches can make a huge difference in the 
survival rate of young larvae (Despland, 2017).

On average studies find herbivory in the Arc-
tic to be on the increase (Barrio, Bueno, & Hik, 
2016; de Sassi et al., 2012; Torp, Olofsson, Wit-
zell, & Baxter, 2010), but the number of studies 
is limited. For agricultural systems, which are in 
many ways similar to the simple Arctic ecosys-
tems, a global tendency for increasing crop losses 
to insect pest with warming climate has been 
predicted (Deutsch et al., 2018), but in situ this 
pattern is far from clear. Although climate driven 
increases in crop losses to insect pest are com-
mon, majority of species show mixed responses 
(Lehmann et al., 2020). Also in the likewise 
simple urban communities, warming is associ-
ated with heightened levels of insect herbivory 
(Youngsteadt, Dale, Terando, Dunn, & Frank, 
2015). While agricultural lands are heavily fer-
tilized, research in natural grasslands points to 
another direction with increased temperature 
and CO2 levels leading to dilution of nutrients in 

host plants and subsequently lowered fitness in 
insect herbivores (Welti, Roeder, de Beurs, Joern, 
& Kaspari, 2020).

1.5 PARASITOID FOOD WEBS

One key top-down force keeping populations of 
insect herbivores in check are the many gener-
alist predators, vertebrate and invertebrate alike 
(birds and spiders especially), and parasitoids. 
Parasitoids are typically wasps, flies or beetles, 
which develop in close proximity to a single 
host individual, either on its surface or within it, 
finally (with some exceptions) killing it (Quicke, 
2015; Stireman, O’Hara, & Wood, 2006). Given 
the absence of many other insectivorous groups 
(bats, ants etc.) from the Arctic, the role parasit-
oids emerges as a crucial question.

Temperature has been shown to affect parasitoid 
efficiency in many ways. Some of these mecha-
nisms are shared by other predators while some 
are more typical to host-parasite and host-par-
asitoid systems. The former include increased 
search and flight activity of adults (Høye & Forch-
hammer, 2008) as well as the changed levels and 
efficacy of plant-insect volatile communication 
(Yuan, Himanen, Holopainen, Chen, & Stewart, 
2009). The latter include effects introduced by the 
immune system of the host (Ferguson, Kortet, & 
Sinclair, 2018; Gherlenda, Haigh, Moore, John-
son, & Riegler, 2016). Host immunity is affected 
by temperature both indirectly through host 
plant quality (Gherlenda et al., 2016) and more 
directly though physiology, for example increas-
ing the intensity of the main immune responses 
towards parasitism, encapsulation and melanisa-
tion (Seehausen, Naumann, Béliveau, Martel, 
& Cusson, 2018). Parasitoids have also evolved 
mechanisms to suppress host defences, such as 
polydnaviruses, the effectivity of which might 
be hampered at elevated temperatures (Martel et 
al., 2016). Another layer of complexity is added 
by the emerging field of microbiome study. Both 
parasitoids and their hosts can have endosymbi-
onts, which may, depending on the conditions, 
confer benefits or be harmful. (Hance, van Baar-
en, Vernon, & Boivin, 2007; Oliver et al., 2012; 
Thierry, Hrček, & Lewis, 2019). Partly due to 
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these mechanisms, it is common to find the sur-
vivability of koinobiont endoparasitoids to peak 
in a specific rearing temperature (Spanoudis & 
Andreadis, 2012).

Van Nouhuys and Lei (2004) provide an illustra-
tive example how climatic factors may change 
the interaction strength between a parasitoid 
and its lepidopteran host. While the black larva 
of the butterfly Melitea cixia takes advantage of 
direct solar radiative heat in the spring, its para-
sitoid is still hibernating in shiny white cocoons. 
This leads to the goodness of phenological match 
between the two trophic levels being determined 
by the difference in ambient and basking tem-
peratures. This in turn generates metapopulation 
dynamics in a system with local and regional het-
erogeneity in weather and amount of shade. The 
temporal window at which parasitoids encounter 
their hosts is crucial for some parasitoids as they 
may not have the capability to suppress the host 
immune function once the host has grown larger 
(Hegazi & Khafagi, 2005).

How do parasitoid communities and parasitoid-
host interactions then change along environmen-
tal gradients? A review of the few studies that 
have analysed parasitoid food web change on 
natural or experimental temperature gradients 
found contrasting results in the effects of temper-
ature on the overall parasitism rates (Thierry et 
al., 2019). However, in many observational stud-
ies on elevation gradients parasitism rates appear 
to be positively correlated with temperature 
(Maunsell, Kitching, Burwell, & Morris, 2015; 
Morris, Sinclair, & Burwell, 2015; Péré, Jactel, & 
Kenis, 2013; Virtanen & Neuvonen, 1999).

True time series of parasitoid community com-
position are rare, especially in the Arctic. How-
ever, some resampling of historical datasets has 
at least been done. In the Sub-Arctic continen-
tal locality of Churchill, Canada, the microgas-
trine braconid wasp communities appear to have 
changed considerably since the previous wide 
surveys conducted in the 1940’s and 1950’s, with 
a nearly complete turnover in dominant species 
(Fernandez-Triana et al., 2011). The contempo-
rary parasitoid community has expectedly shift-
ed to resemble those communities found further 

to the South-West, while the historic community 
can be described as more Arctic. Contrastingly, 
a series of samplings conducted on Ellesmere 
Island between 1961 and 2010 showed little 
change in the functional community composi-
tion (Timms, Bennett, Buddle, & Wheeler, 2013). 
Although the Churchill region has also been a 
climate change hotspot, the striking difference 
also emphasizes the role of dispersion barriers, 
with the continental Churchill being more acces-
sible to species expanding their ranges from the 
South. When new species can be readily being 
introduced to the community, they facilitate or 
cause further changes in the food web.

1.6 THE ARCTIC AS AN OBSERVATORY

The rapid anthropogenic warming of Earth’s 
atmosphere is not progressing at a uniform pace. 
In simple terms, nights are warming more than 
days, winters more than summers and the Arctic 
areas twice as fast as the rest of the globe (Box et 
al., 2019; Gallinat et al., 2015; Walsh, 2014). The 
arctic ecosystems themselves are relatively simple 
and may thus react faster to stressors than better 
buffered complex systems. This makes the Arctic 
a canary in the coal mine, a place where we can 
record geophysical, biochemical and ecological 
consequences of climate change before they are 
observable elsewhere. 

Within the Arctic region in general, the High-
Arctic zone in particular provides an ideal setting 
for the ecological study of climate change effects. 
Most of it consists of remote areas, untouched by 
the more localised environmental perturbations, 
such as habitat loss and fragmentation, light pol-
lution, or chemical pollution. This is important, as 
it marks climate as the most potent external fac-
tor affecting biological processes. In many parts 
of the world it is impossible to study the effects of 
climate change outside of the context other types 
of environmental change. The effects of climate 
change are more detrimental in conjunction with 
other factors increasing the extinction risk of 
populations, such as habitat destruction (Dirn-
böck, Essl, & Rabitsch, 2011; Eigenbrod, Gonza-
lez, Dash, & Steyl, 2015; Travis, 2003) and frag-
mentation (Opdam & Wascher, 2004), invasive 
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species (Hellmann, Byers, Bierwagen, & Dukes, 
2008), increased mortality or reduced fecundity 
due to harvesting (Hacquebord, 1999; Palacín, 
Alonso, Martín, & Alonso, 2017), pesticides 
(Hallmann, Foppen, Van Turnhout, De Kroon, & 
Jongejans, 2014; Hooper et al., 2013), light pol-
lution (Macgregor, Pocock, Fox, & Evans, 2015; 
Miller et al., 2017) and so forth. The Arctic thus 
provides a unique opportunity for answering the 
fundamental question of how communities and 
food webs are affected by climate driven envi-
ronmental change. Another advantage of the 
High-Arctic is its relatively modest species rich-
ness. The finite diversity of plants and animals 
here allows for adequate sampling – while at the 
same time, the local interaction networks can 
be surprisingly complex (Wirta et al., 2015) and 
dynamic (Schmidt et al., 2012). 

We are beginning to grasp how climate change 
potentially affects different aspects in the lives of 
single species. What we know considerably less 
of, is how climate change will affect complex bio-
logical systems, such as food webs (also spoken 
of as trophic networks). The scientific commu-
nity has had the analytical tools to begin study-
ing these networks in a truly quantitative fashion 
for only a short while. The study of quantitative 
food webs has progressed rapidly during the last 
few decades, but at the same time, the daunt-
ing workload involved in the description of 
such food webs in the wild has directed the field 
more towards simulation studies. While simula-
tion studies carry a lot of merit, they should be 
complemented and verifiable by empirical data. 
While accurate quantitative description of food 
webs have already been constructed for many 
ecosystems, studies recording the dynamics of 
these networks are rare. 

This is where this dissertation work enters the 
storyline. The aim of my work is to unearth likely 
climatic determinants of food web structure, as 
well as the likely consequences of this structure 
for the functioning of the ecosystem. For this 
purpose, I sample food webs along environmen-
tal gradients and at different time points. I spe-
cifically focus on the insect herbivores and their 
more or less specialised insect predators, the 
parasitoids.

1.7 AIM OF THE THESIS

The main aim of this thesis is twofold: First, the 
proximate target of this study is to uncover the 
systemic effects of climate change on the tundra-
ecosystem. Second, given the striking scarcity of 
empiric descriptions of multitrophic communi-
ties (or food webs) over environmental gradients, 
my aim is to contribute such data for the benefit 
of both the current and future, synthetic studies. 
Specifically, I ask:

 ■  How predictable is the Arctic climate from 
year to year – at a scale relevant to Arctic 
organisms?(I)

 ■  What are the main climatic drivers of insect 
community assembly in the Arctic? (I, II & 
II)

 ■ Can the responses of species to climate be 
gleaned from their traits? (I, II & III)

 ■ Do differences in how species or species 
groups respond to climate translate into 
community change over time? (III)

 ■ Does ecosystem functioning also change 
with climate? (II & III)

2 MATERIALS AND METHODS

To gain insight into how climatic conditions 
affect the community composition and the 
strengths of trophic links within, and how this 
in turn translates into ecosystem functioning, I 
generate and combine three independent data-
sets, each from a different spatial and temporal 
scale. These scales are local environmental gradi-
ents at a single study area (Chapters I & II), large 
geographic gradients across the Arctic (Chapter 
III) and a long temporal time series spanning 20 
years (Chapters  I & III) (Figure 1). Using spa-
tial gradients, especially those generated by alti-
tude, to gauge species responses to climatic fac-
tors in order to make informed predictions about 
future is a common practice in ecology called 
space-for-time substitution (Körner, 2007). This 
method certainly has merits, but also caveats as 
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e.g. unequal dispersal between species is not rep-
resented.

2.1 STUDY SYSTEM

In my thesis work, I focus mainly on a particular 
module (Figure 2) within the larger Arctic food 
web: the dwarf shrub Dryas (Rosaceae, Figure 
2a,b,e,f), which is pollinated by insect visitors 
(Figure 2b) and attacked by lepidopteran her-
bivores (Figure 2e-f), which are in their turn 
attacked by parasitoids (Figure 2c,g), following 
various life history strategies (Figure 2d,h). 

FOne of the two species of Dryas (Figure 2a,b,e,f) 
can be found anywhere in the Arctic, with rel-
ict populations occurring on many mountain 

ranges. They are the Eurasian Dryas octopetala 
(Linneaus) and North-American Dryas integrifo-
lia (Vahl). These species hybridize readily where 
they meet, for example at our focal study site in 
Zackenberg, North-East Greenland. From here 
on I will refer to all these plants simply as Dryas. 
This long-lived perennial cushion forming plant 
is a central component of the Zackenberg food 
web. As an abundant intensively flowering plant 
with large simple cup-like flowers, it is visited 
by the majority of Zackenberg’s insect fauna, in 
itself composed of slightly less than 400 species 
(Lundgren & Olesen, 2005; Tiusanen, Hebert, 
Schmidt, & Roslin, 2016). 

In addition to flower visitors and pollinators, 
Dryas also supports herbivores. Among these 
(Figure 2e) larvae of butterflies and moths are 

Figure 1.  The spatial and temporal dimensions of data used and collected for this thesis, and their division between 
the chapters. The explanatory climate data have spatial and temporal components as well. Most of the Zackenberg time 
series temperatures have been recorded at a central climate tower (location in figure 3). For the landscape level analyses 
of parasitoid occurrence, I measured micro-climate as it is experienced by the insects at every of the 20 sampling sites. 
To explain Pan-Arctic patterns in parasitoid community composition I used publicly available large scale remote sensed 
and interpolated climate data.
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the most influential. While vertebrate herbi-
vores such as granivorous Ptarmigans or Col-
lared Lemmings can cause considerable damage 
to Dryas locally, insect herbivores are a source 
of widespread damage with a potential for dra-
matic outbreaks. Dryas is fed upon by many lepi-
dopteran species, but an especially damaging is 
the noctuid moth Sympistis zetterstedtii, which 
specialises in feeding Dryas flowers (Ahola & Sil-
vonen, 2005), thus leading to direct reduction of 
reproductive potential of its host plant. The life 
cycle of Sympistis takes two years to complete in 
the High-Arctic and thus includes overwinter-
ing both as an egg and a prepupa/pupa (Ahola 
& Silvonen, 2005). In some Arctic moths such as 
the Gynaephora groenlandica, larval stage can 
extend over several more years, as it feeds active-
ly only in the early summer in an effort to avoid 
predators (Kukal, 1995).

The lepidopteran herbivores are in turn, not only 
an important food source for breeding waders 
and songbirds (Schmidt et al., 2017), but are also 
hunted by a horde of insect parasitoids (Figure 
2c,g) consisting of wasps and flies (Várkonyi & 
Roslin, 2013). Parasitoids are a diverse group 
with many unique lifestyles. However, some 
generalizations can still be made. A major divi-
sion among parasitoids is the tightness of their 
physical and physiological association with the 
host Parasitoids can typically be classified either 

as idiobionts (Figure 2h) or koinobionts (Figure 
2d) based on their life-history strategy (Godfray 
& Shimada, 1999). Idiobionts tend to halt the 
development of their host consuming it often 
from the outside. Koinobionts allow their host 
to feed, grow and develop, residing more or less 
dormant within the host until it is large enough 
or has retreated into a burrow for overwinter-
ing. These strategies come with many correlated 
traits as idiobionts require fully grown hosts, 
often laying eggs on pupae of the hosts. They are 
thus typically longer-lived in order to search for 
this scattered resource. Their phenology is also 
adapted to match the later stages of host develop-
ment. As they feed their hosts more like a regular 
predator would, they rarely have intricate physi-
ological mechanism to manipulate the immuno-
logical responses of the host. Due to this looser 
physical association with their hosts, idiobionts 
typically have wider diet breads (Godfray & Shi-
mada, 1999). Both geographic patterns (Timms, 
Schwarzfeld, & Sääksjärvi, 2016) and elevational 
gradients (Péré et al., 2013) indicate a drop in the 
prevalence of idiobiont life history strategy in 
colder environments.

Some of the species are either facultative or obli-
gate parasitoids of other parasitoids, attacking 
either parasitized hosts or cocoons of other para-
sitoids. These are called hyper-parasitoids and 
in Zackenberg they are represented for example 

Figure 2. The study system. a) Dryas spp. is a dominant part of Arctic vegetation on calcareous soils. b) Muscid flies are 
the most important pollinators of Dryas. e) Sympistis larvae (S. zetterstedtii in this photo) are specialized nocturnal preda-
tors of Dryas flowers, f) and leave typical feeding marks. c) Hyposoter frigidus, an example of a koinobiont parasitoid 
of Lepidoptera. g) Ichneumon sp. an example of an idiobiont parasitoid of Lepidoptera. d) An example of a koinobiont 
life cycle. h) An example of an idiobiont life cycle.
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by Mesochorus as obligate hyperparasitoids and 
Gelis as a parasitoid, which attacks all kinds of 
silk wrapped parcels from spider egg sacks to 
cocoons of other parasitoids. 

2.2 STUDY AREAS

 The main study area of the study included in 
all chapters is Zackenberg valley in North-East 
Greenland (74°28´ N, 20°34´ W, Box 1). In this 

This oasis of Arctic tundra sandwiched between the Arctic Ocean and the Greenlandic Ice sheet 
has been intensively monitored since a research station was set up there in 1995. The resulting 
wealth of abiotic and biotic data provides a solid reference for studying drivers of long-term 
change (Stendel, Christensen, & Petersen, 2008; https://g-e-m.dk). The Zackenberg valley is char-
acterized by High-Arctic climate with mean monthly average temperatures ranging from -19,4 
in February to plus 6.1 degrees Celsius in July, with an annual precipitation of 200mm, which is 
mostly received as snow (INTERACT, 2015). The Arctic climate is however characterized by large 
interannual fluctuations both sporadic and cyclic in nature (van Pelt et al., 2016). The vegetation 
outside the central fen area is dominated by graminoid and shrub tundra with Salix, Myrtillus, 
Cassiope and Dryas dominating areas of different moisture levels (Bay, 1998). Sparsely vegetated 
or barren fell and abrasion fields are also common on steep hillsides and windswept hilltops and 
conversely permanent snow patches are common in e.g. banks of recessed streams. The eastern 
mountain, Aucella, on which much of my sampling specifically takes place, is for a large part 
Cretaceous seafloor (Kroon, Jakobsen, & Pedersen, 2010) favouring calciphilic plants such as our 
focal species Dryas integrifolia x octopetala.

a)

b) c)

d)

f)

e)

BO
X 1: ZAC
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G

Figure 3.  The Zackenberg valley. a) Map of the research area showing the locations of different arthropod and 
plant phenology monitoring plots in the Zackenberg Ecological Research Operations – monitoring program 
(blow-up) in the proximity of the research station b) as well as the locations of the sampling sites (A-T) I set up for 
summers 2015 and 2016. Vegetation classification as estimated by Bay (1998) is shown as a base layer. Panels d-e 
show Dryas heath habitat at high, middle and low elevations respectively and examples of sampling sites with all the 
traps in place. Sticky traps c) as well as emergence and malaise traps are shown in the photographs.
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thesis I use data collected since 1995 at fixed 
monitoring plots at near the Zackenberg research 
stations and from my own sampling sites spread 
more widely in the valley (Figure 3).

In addition to landscape level sampling in Zack-
enberg, I conducted a wider sampling at a Pan-
Arctic geographical scale. The exact sampling 
locations are shown in figure 4. Not only do cli-
matic conditions change dramatically from Sub-
Arctic to High-Arctic, even within the same tree-
less Dryas-heath habitat, but different parts of the 
Arctic have also experienced climate change dif-
ferently. Depending on the area’s location in rela-
tion to latitude, mountain ranges, sea ice, ocean 
currents etc., the temperature change during the 
past few decades may have been faster or slower 
and annual precipitation may have gone up or 
down. Changes in the winter precipitation have 
again a big role in determining whether win-
ter soil temperatures have been rising with the 
mean air temperatures or actually gotten colder 
(P. J. Brown & DeGaetano, 2011; Groffman et al., 
2001), as seems to be that case for a large part of 
the Arctic (Zhu et al., 2019). I use this geographic 
spatial variation as surrogate for true temporal 
variation to explain community level responses 
to climate change, something that can be best 
described as a space-for-change substitution.

2.3 SAMPLING DESIGN IN ZACKENBERG

To establish the impact of climatic variation on 
the occurrence and abundance of insects in space 
and within season, I used a natural environmen-
tal gradient featuring variation in elevation and 
of snow-melt timing (Box 1). On top of variation 
in temperatures, also moisture conditions varied 
along the study sites. In addition to the amount 
of snow, also soil type and e.g. presence of melt-
ing snow beds in the higher slopes affected the 
soil moisture. 

To sample these gradients, I set up 20 sampling 
locations in sets of 4, subsequently, as new areas 
were uncovered from underneath the snow in the 
spring of 2015 (Figure 3). Each set of four sam-
pling sites were placed along an altitudinal gradi-
ent and individual sites were separated from each 

other by circa 100 vertical meters and the dis-
tance between the sites was aimed to exceed 500 
metres. Each sampling site included the follow-
ing study designs; 1 low malaise trap, 5 conical 
emergence traps on Dryas patches covering half 
a square metre area in total, 10 pieces of 4.5cm 
by 5cm white sticky traps placed pressed down 
flat in Dryas patches and 5 square meter Dryas 
patches reserved for monitoring of Dryas phenol-
ogy and herbivore damage. The main means of 
sampling for Chapters II and III were the sticky 
traps, which caught parasitoids in good numbers. 
These traps were covered with iron wire mesh 
cages to limit unwanted bycatch like butterflies 
and lemmings, and to prevent birds from feeding 
on caught insects. In addition to the insect traps, 
each sampling site had a microclimate logging 
station, consisting of an air temperature and rela-
tive humidity logger (EL-USB-2, Lascar electron-
ics, U.K.) under a dome at the height of 10 cm 
and two iButtons (Maxim integrated, U.S.A.) one 
on the top of the dome, painted black to record 
basking temperatures and one buried 5cm into 
the soil.

To collect simultaneous data on insect parasit-
oid abundances, Dryas flowering phenology and 
herbivore damage, I visited each transect of four 
sites every six days, during which I emptied the 
malaise traps, changed the sticky traps and sticky 
cards inside emergence traps to new ones. With 
every visit I counted Dryas buds, flowers that 
were about to open, open flowers, and senescent 
flowers on the monitoring plots. I also recorded 
the number of flowers damaged by Sympistis 
zetterstedtii in two categories: light damage (only 
stamens eaten) and heavy damage (stamens and 
pistil eaten). During the final visit I counted the 
number of flowers producing seed heads and the 
number of flowers that had survived but still did 
not produce seed heads. I also kept track of the 
number of male flowers at each monitoring plot.

Each day after returning from the field, I removed 
the parasitoids caught from the sticky boards by 
using a few microliters drop of orange oil to loos-
en the glue, then stored them individually in 2ml 
micro tubes containing 96% ethanol. These tubes 
were then stored in -20°C until DNA exaction 
some months later.
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In addition to trapping of adult parasitoids, I 
monitored parasitism rate by hand collecting 
larvae of Sympistis zetterstedtii as well as other 
lepidopteran larvae when encountered and iden-
tifying the potential parasitoids inside the lar-
vae through molecular methods. I collected the 
larvae mostly at night-time (between 23 and 06 
hrs). The collections were made during the Dryas 
flowering at each plot as the nocturnal larvae are 
relatively easy to collect as they climb up to feed 
on Dryas flowers. I aimed to collect at least 50 
larvae from each sampling site during both years. 
Unfortunately, some sites had too low densities 
of larvae to accomplish this goal. After collect-
ing the larvae, I weighed them, recorded their 
larval stage and stored the larvae singly in tubes 
containing 96% ethanol. Additional larvae, typi-
cally of later instars were collected passively by 
sticky traps as larger larvae start moving around 
in search of food. These larvae were carefully dis-
solved from the edges of the sticky boards using 
orange oil and stored in ethanol.

2.4 SAMPLING DESIGN ACROSS THE ARCTIC

To resolve community-level responses to climate 
change on a large geographical scale, I set out 

to sample the specific Dryas-heath habitat with 
a standardized, distributed sampling scheme. 
For this, I drew upon a collaboration of Arctic 
ecologists though research networks INTERACT 
(International Network for Terrestrial Research 
and Monitoring in the Arctic) and NEAT (Net-
work for Arthropods of the Tundra). The pan-
Arctic sampling was designed based on the local 
sampling implemented at Zackenberg (see 2.3 
above). Each participant was sent a package con-
taining instructions and everything needed for 
the sampling. This included 80 premade sticky 
traps; 40 wire cages for the traps; a microclimate 
logger consisting of air temperature and humid-
ity logger (EL-USB-2), a hood and a black iBut-
ton for recording solar heating; a 27cm string for 
delimiting the plots for monitoring Dryas phe-
nology and herbivore damage and the forms to 
fill in this data; boards with adhesive strips and 
plastic spacer beads for collecting and stacking 
the used sticky traps along with their catch; and 
finally a box for mailing back the catches.

The participants were instructed to start the 
study period when Dryas has started flowering 
widely in the landscape. Then the participants set 
up four replicate sampling sites in Dryas heath 
areas placing 10 sticky traps in each and moni-

Figure 4. a) Map showing sampling locations around the Arctic as well as examples of the two climatic data sources 
used to represent long term mean conditions and recent change in temperatures. Numbers on the map identify sam-
pling localities: 1. Zackenberg, 2. Churchill, 3. Igloolik, 4. Bylot Island, 5. Qeqertarsuaq/Disko Island (low and high 
altitudes), 6. Kangerlussuaq (low and high altitudes), 7. Kangerluarsunnguaq/Kobbefjord, 8. Hochstetter Forland, 9. 
Snæfellsnes, 10. Ny-Ålesund, 11. Svare/Vågå, 12. Finse, 13. Kevo, 14. Finnmark, 15. Monchegorsk, 16. Yamal. The 
sampling package included e.g. b) pre-made labeled sticky trap templates, wire cages and temperature loggers. Sticky 
trapping c) was done in patches of Dryas. Used traps were collected in A4-sized sheets with tape strips d). Separated by 
plastic beads, sheets of traps could be stacked to fit a large envelope for mailing e).
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toring phenology and herbivore damage around 
three to five of these traps. The sites were visited 
three times with six day interval when possible, 
with the sticky traps exchanged to fresh ones dur-
ing the middle visit. The buds, flowers, senescent 
flowers and herbivore damage were counted dur-
ing all three visits. Once two weeks of trapping 
had concluded, the traps, along with data sheets 
and temperature loggers, were mailed back to 
University of Helsinki. For the specific instruc-
tions, see the thesis appendix.

2.5 MOLECULAR METHODS

To achieve species level identifications on the 
notoriously difficult to identify parasitoid wasps 
and to produce records of trophic interactions 
(who eats whom), I used molecular methods 
building on the sequencing of the mitochon-
drial gene Cytochrome Oxidase 1. This gene con-
tains a specific 658 base pair long region, which 
has accumulated mutations at a fairly steady 
pace among animals, a so called DNA-barcode 
(Hebert, Cywinska, Ball, & deWaard, 2003).For 
two decades now, researchers have increased the 
coverage of barcode sequences linked to tradi-
tionally identified taxonomic voucher samples in 
BOLD, the principal database of DNA-barcodes 
(Ratnasingham & Hebert, 2007). Where the links 
between taxonomic knowledge and DNA-bar-
codes are imperfect, the distribution on sequenc-
es can be used to delineate approximate “molecu-
lar species” referred to as Molecular Operational 
Taxonomic Units (MOTU or OTU). Within the 
BOLD-database, the MOTUs created based on 
all the best available data are referred to as Bar-
code Index Numbers or BINs (Ratnasingham 
& Hebert, 2013). The MOTUs, which are based 
only on the mitochondrial barcode sequence can 
never tell the whole story of species divergence as 
nuclear and mitochondrial evolution sometimes 
show disparate patterns within species (Dincă, 
Lee, Vila, & Mutanen, 2019).

One of the perks of working in Zackenberg is 
that the research group, in which I conducted 
this thesis work, had in fact just completed build-
ing a near complete DNA-barcode library of all 
the plants and animals occurring at the study 

area (H. Wirta et al., 2016). Together with the 
relatively low number of species, this allows for 
a very accurate species identification, even when 
only using part of the barcode sequence. 

The reason why I work with only half of the 
DNA-barcode region is due to length limitations 
of Next Generation Sequencing (NGS) plat-
forms. Where traditional Sanger sequencing can 
produce long and accurate sequences from pure 
single source DNA, NGS sequencing, such as 
Illumina HiSeq, MiSeq and NextSeq, which I use 
in this thesis work, generate millions of sequence 
reads from short DNA fragments. Although the 
length of the target amplicon is restricted and 
the error rate is relatively high, the sample can 
contain amplicons from different source mate-
rials. This makes it possible to do what is called 
metabarcoding, to identify all the species e.g. in 
an environmental sample such as water samples 
or animal feces (e.g. Vesterinen et al., 2013). The 
large output of NGS sequencing can also be split 
between several samples in a process called mul-
tiplexing by labelling amplicons with sample-
specific index tags (Shokralla et al., 2015). Mas-
sively multiplexing also reduces the per data unit 
cost of the molecular analyses.

The use of DNA-barcoding allowed me identify 
my material of roughly ten thousand parasitoids 
in a reasonable time-frame, resolve parasitism 
rates in lepidopteran larvae without time con-
suming and logistically challenging rearing, and 
to attempt building quantitative parasitoid food 
webs based on the residual host DNA, parasitoids 
have carried in their guts or on their body since 
emerging as an adult. This final task will be com-
pleted outside the scope of this thesis. 

2.5.1 Laboratory	workflow

The molecular work was done in the laboratory 
facilities in the Department of Agricultural Sci-
ences at the University of Helsinki. The extrac-
tion of whole DNA was done by adapting the salt 
extraction protocol by Aljanabi and Martinez 
(1997) for 96 well plate format to be used with 
the Eppendorf (7045) automated pipetting plat-
form (the protocol can be find in the appendix 
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of the thesis). Done in this manner, the extrac-
tion method is both very economical in material 
cost and comparatively fast. The initial breaking 
up of samples was done in 2ml micro-centrifuge 
tubes with a 5mm steel ball in a Retsch MM400 
ball lyser at maximum frequency (30Hz) in lysis 
buffer followed by an overnight lysis in a thermal 
shaker at 56°C. 

As I was also targeting the residues of host DNA 
from within the parasitoids´ guts, small and 
medium sized parasitoids were extracted whole 
while the mesosoma, which is very mitochondria 
rich, was excluded for larger parasitoids such as 
Cryptus arcticus and Buathra laborator, in order 
to improve the ratio of host to parasitoid DNA. 
For large tachinids only the head was taken for 
DNA extraction as previous work had shown this 
part to have the highest probability of preserving 
host DNA (H. K. Wirta et al., 2014). For standard 
barcoding of sample identity, it is advisable to 

extract DNA from a single appendage and store 
the rest of the specimen as a sample voucher. The 
DNA from collected lepidopteran larvae was 
extracted following the same protocol starting 
with breaking up and digesting the whole larvae. 
The adult parasitoids and lepidopteran larvae 
were extracted in different work sessions separat-
ed by time as well as chlorine and UV-treatments 
of working areas.

The adult parasitoid samples from the Pan-Arc-
tic distributed sampling were extracted in two 
batches due to initial omission of some sampling 
locations and taxa. First half of the samples were 
extracted using a silica-column-based extraction 
kits (Macherey-Nagel NucleoSpin® tissue 96) and 
the additional round of extractions was done 
later using the salt-extraction protocol discussed 
earlier. 

Name 5' - Sequence - 3' Strand Target Reference
BF CCI*GAYATRGCI*TTYCCI*CG Forward Animals (Shokralla et al. 2015)

HCO2198 TAAACTTCAGGGTGACCAAAAAATCA Reverse Animals (Folmer et al. 1994)

LCO1490           GGTCAACAAATCATAAAGATATTGG Forward Lepidotera & Diptera (Folmer et al. 1994)

MlepR2 GTTCAWCCWGTWCCWGCYCCATTTTC Reverse Lepidotera & Diptera (Hebert et al. 2013)

MAPLLepF1 CCCACTTTCATCTAATATTGC Forward Lepidotera (Wirta et al. 2014)

MAPLLepR1 AAATGCTGTAATTCCWACAGC Forward Lepidotera (Wirta et al. 2014)

ZBJ-rev2-F GGA GGA TTT GGW AAT TGA TTA ATN Forward Animals (Zeale et al. 2011)

RonIIdeg_R2 GG RGG RTA WAY AGT TCA TCC WGT WCC Reverse Animals (Simon et al. 1994)

tagF tcgtcggcagcgtcagatgtgtataagagacag Forward

tagR gtctcgtgggctcggagatgtgtataagagacag Reverse

Sympistis_Blk-R-C3 CAT CCA GTT CCT GCT CCA TTT TCT ACA-C3 spacer Reverse Sympistis (Blocker)

* I = inosine (binds with all the natural bases); W = A or T; Y = C or T; and R = A or G N= A or C or G or T

Table 1.  List of the primers used. For each primer only the binding sequence is listed, but all of the primers (excluding 
the blocker) contain the nonbinding tag (tagF or tagR depending on the strand) in their 5' end for easy adding of index 
tags and sequencing adapters. 

Figure 5. A schematic of possible PCR-reactions for identifying parasitoid identities or the lepidopteran host the 
parasitoid fed as a larva and how to screen for parasitoid larvae or eggs from within lepidopteran larvae.
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For the lepidopteran larvae collected from Zack-
enberg (Figure 5b), with the species identity of 
the larvae themselves known, I did a single PCR 
reaction to resolve the identities of possible para-
sitoids residing within the larvae. For this pur-
pose, Eero Vesterinen designed a bespoke block-
ing primer to prevent the amplification of the 
host larva. I used ZBJ-rev-2F and RonIIdeg_R2 
primers in conjunction with a 100-fold amount 
of blocking primer to amplify a small section of 
the COI barcode region.

In order to sequence the samples using next 
generation sequencing (NGS) platforms, I con-
ducted a second PCR-reaction for all of the 
products of the primary PCR-reactions. In this 
reaction a sample specific combination of 5’ and 
7’ index tags along with Illumina sequencing 
adaptors is added to the amplicons. For each of 
the three projects, I prepared one or two librar-
ies combining samples with similar amplicon 
lengths. E.g., the Greenland parasitoid and their 
host amplicons produced by the B_F-HCO and 
LCO-Mlep_R2 primer pairs were combined into 
same libraries. I made two of these libraries, as 
the sample number exceeded the number of pos-
sible index combinations. Same index combina-
tion used for two different primer pairs can be 
separated based on the used primer. I then puri-
fied the pooled libraries or sub-libraries using 
the solid phase reversible immobilisation (SPRI) 
or gel electrophoresis, extracting correct sized 
amplicons from gel slices with a gel extraction 
kit (Macherey Nagel NucleoSpin® Gel and PCR 

For the adult parasitoid samples form Zacken-
berg, I did three different PCR-reactions (Figure 
5, Table 1). One aimed to resolve the parasitoids 
own species identity using B_F and HCO primes 
(Figure 5a) which quite universally amplify half 
of the barcode sequence in the mitochondrial 
Cytochrome Oxidase I gene (Folmer, Black, 
Hoeh, Lutz, & Vrijenhoek, 1994; Shokralla et al., 
2014). Two other PCR-reactions were separately 
done for the same samples in order to amplify 
DNA remains of either the host the parasitoid 
grew up consuming or those it had already e.g. 
oviposited in during its adult life (Figure 5a). 
First one of these primer pairs was LCO  and 
MLep_R2 (Hebert et al., 2013), which in high 
annealing temperatures amplify DNA of Diptera 
and Lepidoptera but hardly any DNA of Hyme-
noptera. Naturally this is not good for para-
sitoids, which are flies themselves. The second 
prime pair for host detection was MAPL-lep_F1 
and MAPL-lep_F1 which amplify a small part of 
the CO1 barcode region. As a compensation for 
poorer taxonomic resolution, this primer pair 
is specific for lepidoptera as it was designed for 
host identification from parasitoids using Sanger 
sequencing (Wirta et al., 2014). For the adult 
parasitoid collected in the distributed Pan-Arctic 
study only the first two PCR-reactions were run 
as the dataset did not contain as many tachinids 
and the preservation of the samples, which were 
kept on the sticky traps until the DNA-extrac-
tion, was suspected to be suboptimal for acquir-
ing host data.

Samples
Sample 
count

Target Primers
Blocking 
primer

Target 
length 

(bp)

No of 
pools

Sequencing 
platform

Sequencing 
facility

6945 Parasitoid BF - HCO 418

5981 Host LCO - mLepR2 307

6945 Host
MAPLLepF1-
MAPLLepR1

148 2 NextSeq 500 FuGU

4699 Parasitoid BF - HCO 418

4699 Host LCO - mLepR2 307

Lepidopteran larvae 2281 Parasitoid
ZBJ-rev2-F - 
RonIIdeg_R2

Sympistis
Blk-R-C3

117 1 MiSeq Micro FuGU

FIMM

FuGU

Parasitoids form 
Zackenberg

Parasitoids form pan-
Arctic sampling

2

2

HiSeq

MiSeq

Table 2. Sequencing pathway for all samples, of which DNA was extracted. PCR products from the shaded pairs of 
reactions were sequenced jointly, but still split into two pools due to the high number of samples. Target length refers 
to the informative target sequence, which does not include primers, indices or sequencing adapters.
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Clean-up). Table 2 summarises the sequencing 
plan for all samples.

Several different sequencing options were used 
based on the sample number and the amplicon 
length (Table 2). The largest library of combined 
Greenlandic parasitoid identities (B_F-HCO) and 
the longer products targeting host DNA (LCO-
Mlep_R2) were sequenced at the Institute for 
Molecular Medicine Finland (FIMM) in an Illu-
mina HiSeq run with the two parts of the library 
on two separated lanes. The sorter MAPL-lepF1-
MAPL-lepR1 amplicons were sequenced using 
Illuina NextSeq 500 platform at the Biomedicum 
Functional Genomics Unit (FuGU), also split 
in two parts on separated lanes. The parasitoid 
identities (B_F-HCO) and trophic interactions 
(LCO-Mlep_R2) were also sequenced at FuGU 
in two separate Illumina MiSeq runs. Finally, the 
library containing the short amplicons targeting 
the parasitoids from within Lepidopteran larvae 
(ZBJ-rev-2F-RonIIdeg_R2) was sequenced in a 
single Illumina MiSeq Micro run, also at FuGU. 

2.5.1 Bioinformatic	pipeline

The base calling (interpreting the machine’s chro-
matogram output and turning it into bases) and 
de-multiplexing (sorting sequence reads to their 
original samples based on the unique combina-
tion of index tags) were done by the sequencing 
service providers. The subsequent trimming, 
quality control and assignation of the sequences 
into biological taxa was done by Eero Vester-
inen for the most part following the pipeline 
outlined in Vesterinen et al. (2018). This process 
involved following steps. First, paired-end reads 
are merged and trimmed for quality using use-
arch (32-bit) version 11 (Edgar, 2010) with the 
command ‘fastq_mergepairs’. Primer sequences 
are removed using software cutadapt version 
1.14 (Martin, 2011) with 15% mismatch rate. The 
reads are then collapsed into unique sequences 
using usearch command ‘fastx_uniques’, while 
simultaneously removing all singletons (exact 
sequences present only as single reads). The 
unique sequences are then denoised, that is, 
chimeras are removed and reads clustered into 
ZOTU’s (= ‘zero-radius OTUs’) with command 

‘unoise3’ in usearch (Chapter II) or into OTUs 
based on pre-set sequence difference percentage 
threshold (Chapter III). Then ZOTUs/OTUs are 
mapped back to the original trimmed reads with 
command ‘usearch_global’ to establish the total 
number of reads in each sample using 64-bit soft-
ware vsearch (Rognes, Flouri, Nichols, Quince, & 
Mahé, 2016)

We mostly use ZOTU’s as the unoise3 algorithm 
performs better for certain heterogeneous data 
sets in (i) removing chimeras, (ii) PhiX sequenc-
es and (iii) Illumina artefacts according to Edgar 
and Flyvbjerg (2015). For the Pan-Arctic samples 
in Chapter III we used traditional OTU cluster-
ing, which based on pre-set sequence difference 
percentage threshold as this method produces 
less closely related OTUs, which can be prob-
lematic if the reference database for taxonomic 
assignment is not comprehensive.

The taxonomic assignations were done indepen-
dently for each dataset. For samples from Zack-
enberg we used we used local BLAST against all 
the retrieved COI sequences in BOLD (Altschul, 
Gish, Miller, Myers, & Lipman, 1990; Ratnasing-
ham & Hebert, 2007) and chose the most prob-
able match. The taxonomic assignation is greatly 
facilitated by the comprehensive DNA barcode 
library that exists for Zackenberg (H. Wirta et al., 
2016).

For the Pan-Arctic samples we combined several 
methods of taxonomic assignment. The OTUs 
were initially identified into genus-level using the 
RDP classifier with a very recently constructed 
COI-RDP database v3.2 (with 60% probability 
threshold for genus-level assignation) following 
Porter and Hajibabaei (2018). In cases where the 
database was clearly insufficient to reach a genus-
level assignation, we used local BLAST against all 
the retrieved COI sequences in BOLD (Altschul 
et al., 1990; Ratnasingham & Hebert, 2007) and 
chose the most probable match. Taxonomic 
information for remaining hits was retrieved 
manually from BOLD using BIN code (from ear-
lier steps) or the actual OTU sequence. Finally, 
identifications were checked against our prelimi-
nary identification notes taken at the beginning 
of DNA extraction, and potential false assigna-
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tions (due to for example contamination in cer-
tain steps, or clear errors in the database) were 
either removed or assigned to the likely correct 
OTU.

From the final Sample x OTU/ZOTU matrices, 
I filtered out 2% of the maximum read number 
of each OTU/ZOTU (most sample crosstalk 
(tag-jumping) falls below this value, combined 
all reads from OTUs/ZOTUs under the same 
BIN, which are OTU-clusters within the barcode 
of life database (BOLD), and finally selected the 
two BIN identifications with highest read count 
for each sample as the primary and second-
ary identifications. The primary identification 
was automatically used where it matched the 
pre-identified family of the sample. I checked 
Zackenberg samples against photographs and 
identified failed samples based on habitus. These 
samples are marked as manually identified in the 
accompanying dataset. 

For the parasitoids within the lepidopteran lar-
vae, I counted both the parasitoid species with 
most reads and the parasitoid species with the 
second most reads present as cases of super- 
or hyper-parasitism. As the blocker sequence 
worked in a way in which the lepidopteran host 
was still amplified, although more poorly than 
the parasitoids, those samples which produced 
neither parasitoid nor lepidopteran reads, were 
excluded form downstream analyses.

2.6 STUDY QUESTIONS

To establish how predictable the Arctic climate 
is from year to year – at a scale relevant to Arctic 
organisms, in Chapter I, I focus on how the tim-
ing of snowmelt and its variability have changed 
in time. I analyse this spatially explicitly for a 
shorter time period of 2006-2014 and within the 
biotic monitoring plots for the whole duration 
of monitoring available at the time (1995-2014). 
This approach describes the fundamental climat-
ic backdrop for organisms; is the order at which 
the landscape is freed from snow in spring pre-
dictable and if so, is the same order maintained 
through time. Specifically, I ask:

 ■  How is the onset of snow-free period chang-
ing through time in Zackenberg?

 ■  Are changes in the timing snowmelt consis-
tent throughout the landscape or are some 
areas changing differently from others?

In this setting, I also analyse community respons-
es to climatic drivers from a few aspects. I look at 
how climate affects the yearly phenology of dom-
inant plant species and arthropod families and 
how the temporal interface for species to interact 
is changing through time, investigating:

 ■  How does the timing of snowmelt affect 
phenologies of flowering plants and arthro-
pods?

 ■  Are species responses to the timing of snow-
melt predictable based on their life-history 
traits?

In Chapter II, I resolve how local climate affects 
how species are distributed in space, thus gen-
erating projections on how communities as a 
whole might be affected by changing of climatic 
condition. Here I analyse the occurrence pat-
terns of Lepidoptera-using parasitoid species in 
fine resolution during two growing seasons in the 
Zackenberg valley, as well as the flower damage 
caused by a dominant moth species, Sympistis 
zetterstedtii. In Chapter II, I ask:

 ■  Are Lepidoptera-using parasitoid assem-
blages within a single habitat of Dryas heath 
structured by microclimatic variation across 
the landscape?

 ■  Are life history traits (phenology and par-
asitism strategy) associated with certain 
micro-climatic niches?

 ■  How is the level lepidopteran herbivory on 
Dryas flowers associated with microclimatic 
factors?

 Finally, in the Chapter III, I study spatial pat-
terns in community structure on a large geo-
graphical scale, where there exists variation both 
in climatic conditions and in how the local cli-
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mate has changed during the last two decades. 
Here, to find broadly generalizable patterns 
among parasitoid communities, which do not 
share many species in common, I describe para-
sitoid community composition in terms of domi-
nance of different functional groups. Specifically, 
investigate how the relative number of parasit-
oids using lepidopteran or dipteran hosts and 
the relative representation of the two parasitism 
strategies (idiobionts versus koinobionts) within 
the two main host use groups varies in respect 
to mean climatic conditions and climate change.

 ■ How is the functional composition of para-
sitoid communities structured along a gra-
dient of mean climatic conditions from Sub-
Arctic to High-Arctic

 ■  Does the recent climate change explain the 
functional composition of parasitoid com-
munities? 

 ■  How is the level of herbivory on Dryas 
associated with mean climate and recent 
change?

Finally, I revisit the Zackenberg time-series 
arthropod abundances and herbivore damage on 
Dryas flowers to corroborate the patters seen at 
the pan-Arctic scale, asking:

 ■  Are the same climatic factors associated 
with relative abundances parasitoids using 
different host taxa in space also associ-
ated with the abundances of the host taxa 
through time?

In order to generalize species responses to cli-
mate, I repeatedly ask whether taxa with similar 
traits also respond to climatic factors in a con-
certed manner. In Chapter I, I analyse whether 
diet can be used to generalize the phenological 
responses of plants and arthropod groups to cli-
matic conditions. In Chapter II, I take a closer 
look of the focal guild of parasitoids of lepi-
dopteran herbivores, specifically asking wheth-
er the parasitism strategy (idiobiontism versus 
koinobiontism), trophic level (primary versus 
hyperparasitoids) or phenology (the timing of 

seasonal activity) are associated with species 
responses to climatic factors. 

To establish whether changes in ecosystem func-
tioning – as measured by the level of herbivory 
– reflect climate-driven change in community 
structure, I analyse the relationship between 
climate and herbivory locally (Chapter II), at a 
geographic scale (Chapter III) and trough time 
(Chapter III).

3 RESULTS AND DISCUSSION

I begin by offering a chapter by chapter summary 
of the main results.

Chapter I: 

 ■  In Zackenberg valley the timing of snow-
melt across the landscape varied consistent-
ly between years with the relative order of 
snowmelt staying roughly the same

 ■  Different flowering plants and arthropod 
groups had different sensitivities to snow-
melt and temperature.

 ■ Considerable portion of variation in climat-
ic responses of different arthropod groups 
can be derived from their feeding guild.

Chapter II: 

 ■ In Zackenberg valley the parasitoids assem-
blages of lepidopteran herbivores were 
structured by landscape level variation in 
micro-climate.

 ■  Parts of this variation can be predicted by 
parasitoids life history traits, specifically 
parasitism strategy

 ■  Warm (high elevation) and dry areas were 
overall associated both with high levels of 
Dryas herbivory by Sympistis zetterstedtii 
larvae and presence of most parasitoids.

 ■  Parasitism rates of two species of parasitoids 
in the larvae of Sympistis zetterstedtii, were 
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positively associated with the abundance of 
the host.

Chapter III: 

 ■  The Pan-Arctic geographical patterns in 
functional community composition were 
better explained by change in temperatures 
during past two decades than by geographi-
cal variation in mean climatic conditions. 

 ■  Parasitoid species using Lepidoptera as 
hosts were more diverse and abundant in 
areas where rapid warming has affected 
especially summer temperatures.

 ■ Among parasitoids of Lepidoptera, idio-
biontism was relatively more common in 
areas with warmer areas as predicted, but 
was also associated with the rate of summer 
temperature warming.

 ■  Temporal variation in abundances of two 
dominant host groups, Sympistis zetter-
stedtii and muscid flies in Zackenberg dur-
ing past 20 years were explained by similar 
climatic factors, which accounted for the 
Pan-Arctic dominance patterns of the para-
sitoids of their guild: summer and autumn 
temperatures.

3.1 HOW PREDICTABLE IS THE ARCTIC CLI-
MATE	FROM	YEAR	TO	YEAR	–	AT	A	SCALE	REL-
EVANT	TO	ARCTIC	ORGANISMS?

Overall, in Chapter I, I find the spatial pattern of 
spring snowmelt to be consistent through time: 
the relative order, in which the landscape is freed 
from snow cover in the spring is similar among 
years. There are, however, exceptions to this rule. 
Topographic diversity promotes variability in 
snow depth and the parts of the landscape which 
are on average the first to be snow free are also 
the most variable. I found that in Zackenberg the 
snowmelt has also advanced more in areas which 
are typically freed from snow early. A separate 
study, analysing the same dataset in a slightly 
different manner, identified two large areas in 
the landscape (mountain slope and valley floor), 

where the relative mean snowmelt dates fluctu-
ate considerably between years (Pedersen et al., 
2016). 

The overall diverging snowmelt dates in differ-
ent parts of the landscape highlights the impor-
tance of considering the phenological milieu in 
the context of studying biotic responses to cli-
mate change. A small change in the relative abi-
otic phenology can cause a large change in the 
relative temporal occurrence of stationary plants 
and mobile insects, which can have functional 
importance. For example Tiusanen et al. (2018) 
observe early flowering Dryas plats to gain more 
flower visits from pollinators through the vir-
tue of being a rare resource. This is important to 
consider when assessing the generalisability of 
results from snow manipulation studies, which 
effectively change the relative phenology of the 
manipulated area. 

3.2 WHAT ARE THE MAIN CLIMATIC DRIVERS 
OF INSECT COMMUNITY ASSEMBLY IN THE 
ARCTIC?

In terms of insect phenology through time, I 
found that different taxa are sensitive to differ-
ent cues for the timing of their spring phenol-
ogy. Including the typical phenology influencing 
factors of timing of snowmelt and temperature 
in the focal summer, I also found temperatures 
during the previous autumn to affect plant and 
arthropod phenologies.

Compared to arthropod taxa, I found the flow-
ering of plants (Dryas integrifoliax octopetala, 
Cassiope tetragona, Saxifraga oppisitifolia, Silene 
acaulis, Salix arctica) in Zackenberg to be pre-
dominantly controlled by the timing of snow-
melt. Among arthropods, the occurrence of 
many groups – especially those with holome-
tabolous development and discrete adult activ-
ity periods – is as much or even more influenced 
by temperature (Figure 6). This discrepancy can 
easily be reasoned to lead to changes between the 
temporal matches between interacting taxa, as 
already witnessed in terms of the flight periods 
of pollinating flies, which have slid out of synch 
with flowering (Høye et al., 2014)
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Many insect families show a linear change in their 
mean flight dates over the course of the nearly 
20 years of monitoring in Zackenberg valley – a 
pattern not directly relatable to the temperature 
or snow conditions. A possible interpretation for 
this pattern may be changes in community com-
position over time. As I am analysing the average 
of a group of species with different phenologies, 
the relative abundances of these species affect 
the perceived group phenology. Such changes in 
the community have been investigated at species 
level within the family Muscidae. These flies suf-
fered a population decline during the driest years 
within the monitoring period (Loboda, Savage, 
Buddle, Schmidt, & Høye, 2018) with only some 
of the species recovering (Gillespie et al., 2019). 
In other words, a change in overall timing may 
reflect a change in the relative dominance of spe-
cies with different phenology. Here, community 
turnover does not seem to be captured by the 
climatic covariates, at least not for muscid flies. 
However, it would be worth investigating whether 
there has been any change in dominance between 
the two distinct guilds of hoverflies (Syrphidae): 
the detritivorous Eristalinae and predaceous Syr-
phinae. Another explanation for temporal trend 
in phenologies, not explained by winter and sum-
mer climatic conditions are the autumn condi-
tions of the focal year. The length of the growing 
season will especially affect the mean occurrence 
dates of species which are active or even prolifer-
ate throughout the season like spiders (Araneae), 

springtails (Collembola), aphids (Hemiptera), 
true bugs (Lygaeidae) or bumblebees (Apidae), 
and species which rely on late season resources 
such as fungal fruiting bodies. 

The phenologies of the three families forming my 
focal parasitoid guild, Ichneumonidae, Braco-
nidae and Tachinidae, all followed different pat-
terns. Ichneumon wasps were as a group indif-
ferent to climatic conditions, most likely due to 
different species occupying different habitats as 
indicated by random variation at plot level cap-
turing most of the variance in mean timing of 
occurrence. The mean timing of braconid occur-
rence was strongly affected by both summer tem-
perature and overwintering temperature. Tachi-
nid phenology seemed also somewhat indifferent 
to all of the included climatic variables showing 
both random and systematic variation in year-
to-year phenological variation. This is also some-
thing evident in the data collected for Chapter 
II, in which mean tachinid phenology for the 
warmer and earlier year is slightly later, when 
braconid and to a lesser degree ichneumon wasp 
phenologies follow the timing of Dryas flower-
ing quite well (Figure 7). Is the maintenance of 
phenological matching poorer in late phenology 
species because they are less dependent on it or 
because the environmental cues are less reliable? 
In the High-Arctic community, which does not 
generally have multivoltine species (those with 
more than one generation per year), parasitoids 

Figure 6. Variance partitioning between factors affecting flowering times of plants and mean occurrence dates of 
spiders, insects and other arthropods in Zackenberg valley during sampling period of 1996–2014.



26

SUMMARY

with late phenology are typically those which 
attack prepupae and pupae and are more gener-
alistic in their host use. Both of these traits result 
in a wider time window of parasitism, making 
phenological matching of less importance.

Climatic variables of temperature, snowmelt date 
and moisture also shape the community of para-
sitoids of moths and butterflies in the landscape 

(Chapter II). I find that species specific respons-

es to climatic factors shape the spatial occurrence 
patterns of species within the landscape either 
directly or through biotic interactions (Figure 
8). Here, as well, the key finding is that the cli-
matic variables affect species differently, essen-
tially selecting for different communities along 
the environmental gradient even within a single 
habitat. Some cold-hardy species favour open 
and exposed versions of Dryas heaths, while 
others occur more often in places with a longer 
lasting snow cover. A common response over the 
whole community seems to be the preference for 
dry conditions, something which I will discuss in 
more detail in the context of ecosystem function-
ing (3.5.).

On a large spatial scale of the entire Arctic 
(Chapter III), I discovered that the long-term 
average climatic variables (here different aspects 
of temperature and precipitation) were not espe-
cially informative in explaining variation in the 
functional community composition. Instead, 
the geographical patterns in the parasitoid com-
munity composition matched the geographical 
patterns in the rate and mode of recent climate 
change, such that the areas in which summer 
temperatures had risen greatly had different type 

Figure 8. Determinants of parasitoids species occurrence in the Zackenberg valley. Positive associations are shown in 
red and negative ones in blue. The intensity of the colour indicates the size of the effect within the covariate ranges seen 
in the data. Only associations with over 0.95 posterior support are shown. The tree shows the approximate relatedness 
of the species as determined by taxonomy and the colour of the species name indicates whether the species is classified 
as an idiobiont (red) or koinobiont (blue).

Figure 7. Mean dates of occurrence for Dryas flowers 
(green), braconid wasps (yellow), ichneumonid wasps 
(red) and tachinid flies (blue) separately for the two study 
summers 2015 and 2016.
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of parasitoid communities than areas where tem-
perature change has been more modest or affect-
ed mostly other parts of the year.

3.3 CAN THE RESPONSES TO CLIMATIC FAC-
TORS OF SPECIES BE GLEANED FROM THEIR 
TRAITS?	

I find that even at higher taxonomic levels, trait 
which describe the organism’s role in the ecosys-
tem do explain much of the variation in respons-
es to climatic variables. Species at high trophic 
position reflect the responses of their prey spe-
cies. At least in the Arctic tundra the food webs 
based on decomposers or primary production 
seem to be affected differently by changing cli-
mate. This is demonstrated by how parasitoids 
which use herbivorous Lepidoptera as hosts are 
relatively more common in areas of rapid warm-
ing of summer temperatures. Among these 
parasitoids of Lepidoptera, the division of prey 
is further affected by species traits linked to the 
species’ parasitism strategy, with idiobionts being 
relatively more abundant than expected in areas 
with rapidly warming summers, as expected 
due to their direct gains in host searching and 
koinobionts greater sensitivity to phenological 
mismatches. Species traits can thus be effectively 

used to reduce the dimensionality of community 
level responses to climate change.

In Chapter I, I found that the adult diet explained 
52% of the variation observed in phenological 
responses to the climatic covariates at higher 
taxonomic levels. In their phenological response 
to timing of snowmelt the flower visitors, herbi-
vores and – with some more uncertainty – preda-
tors showed predictability based on guild iden-
tity. The phenological response of flower visitors 
to the day of snowmelt resembled that of flower-
ing plants most. The predicted time lag between 
mean flowering and mean flower visitor occur-
rence grew only by 5 days between my late and 
early snowmelt scenarios. For herbivores this 
value was 16 days and for predators 7 days.

In Chapter II, I find that parasitism strategy 
does predict species climatic niche in Zacken-
berg (Figure 9). I find koinobionts to prefer the 
more dry and exposed sites, where the ground is 
freed of snow early. This supports what we know 
of their overwintering as they may on average 
be better suited than idiobionts in both finding 
more sheltered overwintering sites through their 
host’s behaviour and may be generally more cold-
hardy. In apparent conflict with this hypothesis, 
koinobiontism was positively associated with 
temperature of the sampling site. In the Zacken-

Figure 9.  The predicted fraction of parasitoids belonging to species adhering to koinobiont parasitism strategy along 
gradients in a) summer temperature (elevation), b) timing of snowmelt and c) humidity. The solid and dashed line in 
each panel represent fits for 2015 and 2016 respectively. These predictions are based on the associations between spe-
cies traits and environmental responses of species occurrences in the joint species distribution model of parasitoids 
using lepidopteran hosts in Zackenberg. 
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berg valley, summer temperatures are atypically 
positively correlated with altitude with high ele-
vations on the Aucella mountain often enjoying 
higher temperatures than the bottom of the valley 
(temperature inversion). This is due to shadows 
cast by the Zackenberg mountain as well as the 
thick fog which often covers the valley floor for 
days at a time. It is therefore likely that the warm, 
high-elevation sites preferred by the koinobiont 
parasitoid species, may in fact have the coldest 
winter temperatures. In a previous study assess-
ing the effect of parasitism strategy on parasitoid 
abundances on elevational gradients, the same 
trend of increasing relative koinobiontism was 
detected in an elevation gradient where summer 
temperatures declined with temperature (Péré 
et al., 2013). These patterns appear to hold true 
even between species relying on same hosts, as 
well as across the larger community of parasit-
oids of Lepidoptera. The relative dominance of 
idiobiont versus koinobiont taxa also changed 
considerably between the years, suggesting that 
the variation in temperatures and overwintering 
conditions between years likely has even larger 
effects than local scale spatial variation in micro-
climatic conditions.

Hyperparasitoids did not seem to have any com-
mon responses to climate. Of course, hyperpara-

sitoids make up a rather small part of the total 
community and contain a lot of variation in life-
styles including both idiobionts and koinobionts, 
highly specialized species and also few of the 
most generalistic species in the community.

On the large spatial scale of the Chapter III, I 
found parasitism strategy to be associated with 
both the long-term climatic conditions and 
recent climate change (Figure 10). When one 
studies the latitudinal abundance patterns of 
idiobiont and koinobiont taxa in work of Timms 
and colleagues (2016), the abundance of idiobi-
ont taxa is reduced much more rapidly at higher 
latitudes that that of koinobionts. This pattern 
was replicated in my data with sites with more 
arctic climates supporting a higher proportion of 
koinobionts than idiobionts. On top of this pat-
terns, the sites which had experienced a more 
rise in summer temperatures also had relatively 
more idiobiont taxa than expected based on their 
mean climate. These patterns apply only to the 
parasitoids of Lepidoptera, which is understand-
able as Diptera encompasses a more diverse set 
of trophic levels and lifestyles than Lepidoptera. 
This is especially true for the Arctic, where e.g. 
the xylophagous niche is small. 

Figure 10. The fractions of idiobiont species a) or individuals b) in the communities of parasitoids, which use lepidop-
teran hosts, across the Arctic. Data points are shown in sizes relative to number of species a) or individuals b) caught at 
each sampling site. The colour indicates the magnitude of summer temperature change at the site. The three lines show 
the effects of the two best explanatory factors: mean minimum temperature (1970-200), shown on the x axis and the 
rate of summer temperature change (2001-2018), illustrated as three versions of the fitted line at low, mean and high 
values found in the data.
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The latitudinal abundance patterns of species 
belonging to these two parasitism strategies as 
described by Timms and others (Timms et al., 
2016) only diverge in the highest latitudes. This 
may be understood by extreme cold-tolerances 
being less of an important trait at warmer con-
ditions. However, there is ample literature on 
mechanisms through which especially koino-
bionts might be especially sensitive to climate 
change. Koinobionts are likely more sensitive to 
phenological mismatches, as they often need to 
interact with their hosts during a short time win-
dow. Also their survival within a host depends 
on their ability to supress the hosts’ immune 
defences. This is in many species done through 
special polydnaviruses, the efficacy of which have 
been found to be reduced by elevated tempera-
ture (Martel et al., 2016). Host immunity itself 
is also temperature sensitive (Gherlenda et al., 
2016; Seehausen et al., 2018) and may be further 
boosted by temperature sensitive endosymbionts 
(Duplouy & Hornett, 2018; Hance et al., 2007; 
Monticelli, Outreman, Frago, & Desneux, 2019; 
Oliver et al., 2012; Thierry et al., 2019; Thomas & 
Blanford, 2003). Idiobionts and especially ecto-
parasitoid ones mostly avoid these problems. 
Tachinids may also be less affected by climate 
induced physiological changes by physically cir-
cumventing host immunity (Dindo, 2011; Stire-
man et al., 2006). Thus, it seems that disparate 
responses to climate can be expected for koinobi-
ont and idiobiont parasitoids also outside of the 
Arctic. 

Idiobiontism and koinobiontism are quite com-
plicated suites of traits, which are correlated 
through physiology and especially in the Arctic 
by temporal coincidence with host life stages. 
As such they seem to predict species responses 
to climate change in the Arctic, which likely has 
already led to changes in the community struc-
ture and ecosystem functioning (host population 
control). Koinobiont parasitoids include many 
of the parasitoids which are especially capable in 
supressing their host populations either through 
parasitizing egg clusters or producing numer-
ous offspring within a single host. Thus a shift 
towards a parasitoid communities with rela-
tively fewer koinobionts, could ultimately lead to 
poorer potential for host suppression, especially 

after an outbreak threshold has been reached. 
The functional role of the more generalistic sub-
community of idiobiont parasitoids needs more 
attention from the research community.

3.4 DO DIFFERENCES IN HOW SPECIES OR 
SPECIES GROUPS RESPOND TO CLIMATE TRANS-
LATE	INTO	COMMUNITY	CHANGE	OVER	TIME?

When examining the relative number of parasit-
oids using lepidopteran or dipteran hosts, I found 
the community structure to be better explained 
by the variation in the climate change history 
than by the much larger differences the study 
sites exhibit in their historical mean climates 
(Figure 11) (Chapter III). This suggests that the 
disproportionate effects of climatic changes have 
on individual parasitoid species, are over time 
translated into demographic effects and commu-
nity changes, either through phenological mis-
matches or other more direct effects.

The increase in dominance of parasitoids of 
Lepidoptera with the magnitude of summer tem-
perature change is best explained by the relative 
increase in abundance of butterflies and moths 
compared to other insects. This is exactly what 
we see in the Zackenberg time-series of arthro-
pod abundances, in which the two major host 
groups (Diptera and Lepidoptera) show opposite 
demographic patterns. Muscid fly abundance in 
the traps of Zackenberg long term monitoring 
program appear to be negatively associated with 
summer temperature and positively with the fall 
soil temperatures, which in turn are associated 
with the amount of snow. Lepidoptera, or at least 
the dominant Sympistis zetterstedtii, show a com-
pletely opposite responses becoming more abun-
dant after warm summers and cold (snow free) 
winters. 

Due to the two-year development of Sympistis 
and perhaps carry over effects of soil moisture, 
both host groups are affected not only by condi-
tions during focal year but also those of previous 
years. This also means the abundance of either 
host group at any given time depends on climatic 
conditions during the past few years, further sup-
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porting my space-for-time substitution at geo-
graphical scale. 

3.5 DO CHANGES IN ECOSYSTEM FUNCTION-
ING	REFLECT	CLIMATE-DRIVEN	CHANGE	IN	
COMMUNITY	STRUCTURE?

I found that on all levels of my study – locally, 
on a geographic scale and trough time – the level 
of herbivory increased with temperature and was 
reduced with the proxies of snow depth or/and 
soil moisture (Figure 12). In my landscape level 
gradient of temperature (Chapter II), snowmelt 
date and residual moisture, I found warm (high 
elevation) and dry areas with relatively early melt-

ing snow cover to have the highest proportion of 
Dryas damage. The Pan-Arctic survey (Chapter 
III) also indicated some tendency oh herbivory 
increasing with the magnitude of recent warm-
ing in summer temperatures. However, here the 
effect is on average smaller but with high vari-
ability. This is likely due to the higher overall vari-
ability in the insect and plant communities at this 
scale. The diversity of predators and herbivores 
at lower latitudes and at continental areas is con-
siderably higher. Dryas is not as dominant at all 
locations due to it demand for calcium rich soils. 
This on the other hand extends response seen 
in parasitoid community to apply more widely 
to lepidopteran herbivores. In the Zackenberg 
arthropod monitoring time series (Chapter III), 

Figure 11.  Relationship between host use (y axes), the rate of summer temperature change (x axes) and the additional 
autumn temperature change (with the three curves corresponding to the models estimates for low, mean and high 
values occurring in the data, and the coloured areas around them showing 95% confidence intervals). Panels a) and 
b) show the effects of these variables on the fraction of parasitoid species and individuals, respectively, which mainly 
use lepidopteran hosts. Panels c) and d) visualize the same trends but for parasitoids of Diptera. In panel c) the effect 
of residual autumn temperature change and in panel d) the effect of summer temperature change is not statistically 
significant, and the curves are therefore drawn as dashed lines. In panel (d) the effect of additional autumn change is sig-
nificant, and illustrated by the three lines at different heights on the y-axis (see colour legend on the right). The size of 
the data points is proportional to the number of species or individuals, respectively, whereas the colours of data points 
represent local additional autumn temperature change.
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it is, on the other hand, clear how levels of Dryas 
herbivory by Sympistis zetterstedtii are positively 
associated with warm summer temperatures and 
cold (snow free) autumn soils.

Based on my observations, plant-herbivore-par-
asitoid food web in Zackenberg, and also around 
the Arctic, seems to be dominated by bottom up 
dynamics. Summer temperature and dryness, 
two factors that improve plant quality for her-
bivores, explain spatial and temporal patterns of 
both herbivores and those of their parasitoids. 
This supports the conclusions of previous studies 
recording disproportionate increase in herbivore 
biomass relative to that of both plants and para-
sitoids (de Sassi et al., 2012). Potential for mean-
ingful top-down effects is manifested in the stark 
differences in the climate responses of idiobiont 
and koinobiont parasitoids. This shows that cli-
mate has direct effects on parasitoids, which are 
then transmitted down the trophic chains, and 
that these effects may be large in the High-Arctic.

In my study of Pan-Arctic patterns in full para-
sitoid community composition (Chapter III), 
I found an alarming pattern of sites with most 
summer warming had relatively fewer parasit-
oids that use dipteran hosts. This points to an 
additional upshot of climate warming: climate 
change may not only increase herbivory, but also 
alter plant fitness though other mechanisms such 

as pollination success as the pollinator popu-
lations decline. In the Zackenberg arthropod 
monitoring time series, I saw how the climatic 
conditions which led to increase of lepidopteran 
herbivory, warm summer temperatures and cold 
(snow free) autumn soils, were detrimental to 
the muscid fly populations. Muscid flies make 
up most of the biomass of Zackenberg’s terres-
trial Diptera and are directly responsible for the 
pollination seed set success of Dryas as shown by 
Tiusanen and colleagues (2016). This suggest that 
where the tundra gets warmer and drier Dryas is 
faced by both increased herbivory and reduced 
pollination services. It may, however, be that the 
less dominant species suffer even more from pol-
lination becoming a limiting resource, since what 
pollinators are there may be attracted to inflores-
cences of competitively dominant plant species 
(Tiusanen, 2018). This consideration highlights 
the importance of species interactions in how the 
effects of climate change are distributed within 
the ecosystem. 

4 CONCLUSIONS

In this thesis, I have furthered the understanding 
on how consistent a climatic backdrop arctic spe-
cies encounter over time (Chapter I), and how 
Arctic parasitoid communities are structured 
by climate through the properties and timing of 

Figure 12. Main drivers of herbivory at different spatial and temporal scales. Within the landscape in Zackenberg a) 
higher levels of herbivory are associated with warm (high elevation) and dry areas. During the 20 year monitoring of 
Dryas damage in Zackenberg b), high levels of herbivory was recorded in warm summers following cold autumns during 
the previous moth generation’s lifetime. Around the Arctic c) herbivory rates was higher at areas, which had experi-
enced much warming of the summer period during the past 18 years, but with high uncertainty. See chapters II and III 
for a more detailed analyses of herbivory rates.
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important life events determined by species traits 
(Chapters II & III). By monitoring ecosystem 
functioning (herbivory) in parallel to parasitoid 
community composition and environmental 
conditions (Chapters II & III), I am also able to 
produce some predictions on how those ecosys-
tem functions are expected to change. Finally, by 
comparing areas which have experienced differ-
ent levels and types of climate change during the 
past two decades, I have been able to produce 
estimates on how communities have already 
been remodelled by the ongoing rapid climate 
change (Chapter III).

Based on my results, I conclude that differences 
in species responses to climate change will defi-
nitely lead to some kind of changes in the com-
munity composition. Yet, to what extent such 
changes will lead to cascading effects for directly 
or indirectly interacting species in the food web 
remains to be solved. For this, there are two alter-
native, although not mutually exclusive, scenari-
os. The feedback mechanisms in food webs may 
be such that they support species coexistence 
even if species responses are different. Partly this 
stems from the notion that system complexity 
may dissipate the effects of changes in individ-
ual species interactions (Bartomeus et al., 2013; 
Goldenberg et al., 2018; Visakorpi, Wirta, Ek, 
Schmidt, & Roslin, 2015). The factors that con-
fer robustness to interaction networks are still 
inadequately understood. For example Timóteo 
and colleagues (2016) have shown that interac-
tion webs in the wild may be more resilient than 
modelling approaches may lead us to believe. 
Alternatively or when the change is large enough, 
differential species responses lead to changes in 
the interaction structure and thereby to popula-
tion sizes, which then lead to cascading effects in 
the food web (Mäntylä, Klemola, & Laaksonen, 
2011; Pace, Cole, Carpenter, & Kitchell, 1999), 
ultimately contributing to species extinctions 
(Cahill et al., 2013; Singer & Parmesan, 2010).

My results point in the direction of rapid climate 
change leading to considerable restructuring of 
insect communities even in otherwise undis-
turbed habitats. Phenological responses differ 
considerably between insect groups and para-
sitoids using different life history strategies are 

differently affected by climatic factors. This is 
something which seems to apply to a wide range 
of organisms on the tundra (CaraDonna, Iler, & 
Inouye, 2014; Clausen & Clausen, 2013; Gauthier 
et al., 2013; Eric Post et al., 2009; Prevéy et al., 
2019). Given how phenological mismatches can 
cause population-wide detrimental effects (Saino 
et al., 2011), selection is expected adjust species 
phenologies. At least for the longer lived species, 
the rate of this evolutionary change appears to 
be too slow to match the speed of the ongoing 
ecological change (Day & Kokko, 2015; Schmal-
johann & Both, 2017).

Speeds at which different taxa respond to envi-
ronmental change are also different between spe-
cies, so while the optimal climatic niches would 
only shift spatially in the landscape, certain inter-
action web members will take longer to change 
their distributions. Typically this refers to plants, 
for which community change lags behind climat-
ic changes (Bertrand et al., 2011). In plant com-
munities some changes – such as somatic growth 
or distributions of annual species – are faster 
than others. The Arctic plant community change 
has been roughly characterized by increased veg-
etation height and shrub cover in the Low-Arctic 
and by increase in the dominance of graminoids 
in the High-Arctic (Elmendorf, Henry, Hollister, 
et al., 2012; Kemper & Macdonald, 2009). Verte-
brate herbivory has been shown to resist shrub 
expansion locally and regionally and especially 
in conjunction with insect defoliators (Soininen 
et al., 2018). It is possible that that increases in 
insect herbivory may partly slow down shrub 
expansion in Greenland. My results from a single 
plant can only nod to this direction.

My results at all levels examined indicate that 
warming and especially the often but not always 
accompanying drying of top-soils is likely to 
increase herbivory at least in the Dryas system. 
Even at present, insect herbivory can cause very 
high relative reproductive losses in areas that 
have experienced especially rapid temperature 
rise as well as during the warmest and driest years 
in Zackenberg, even at low altitudes. Other stud-
ies point to similar trends in herbivory on other 
Arctic plants as herbivore biomass increases most 
with warmer temperatures (Barrio et al., 2017; 
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de Sassi et al., 2012) and herbivore efficiency is 
increased (Greyson-Gaito et al., 2016). Bouts of 
intensive herbivory can have long lasting effects 
on the development of tundra vegetation (Little, 
Cutting, Alatalo, & Cooper, 2017). Conversely, 
we know that one consequence of shrubification 
is the accumulation of snow in the shrub covered 
areas (Hollister et al., 2010), which then means 
thinner snow cover for the remaining landscape. 
This, in turn, could mean increased herbivory 
for both of these areas as leaf nitrogen levels are 
increased by enhanced nitrogen cycling in the 
snow patch (Torp et al., 2010) and by drought 
in the exposed areas (Semenchuk, Elberling, & 
Cooper, 2013). Finally, levels of herbivory alter 
carbon cycling in the Arctic (Lund et al., 2017; 
Traill, Lim, Sodhi, & Bradshaw, 2010) affecting 
carbon balance of the large land masses that are 
characterized by Arctic tundra.

In this thesis I found clear trait-based rules to 
species responses to climatic factors. This offers 
hope for the goal of eventually being able to first 
predict and then to understand the ecosystem 
level changes caused by climate change. The key 
element of the Arctic is snow and this is some-
thing which is evident also in my findings, with 
the dominance of herbivores increasing with 
dryness. Despite the fact that precipitation is 
more difficult to predict that temperatures, we 
should seek to incorporate changes in snow cover 
in our analyses of Arctic change. All changes in 
species phenologies or abundances necessarily 
have cascading effects on interacting species, but 
resolving these effects is both difficult and time 
consuming. More collaborative work should be 
conducted to gather comparable quantitative 
information on species interactions and food 
web structures, in relation to both causes and 
consequences: abiotic conditions and ecosystem 
functioning.
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