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ABSTRACT

Anthropogenic climate change is one of the biggest threats to biodiversity and 
ecosystem functioning in high-latitude ecosystems. These regions are warming 
faster than the global mean, prompting changes in soil temperature, precipitation, 
and the onset and length of seasons. Species-level responses to these changes, 
rooted in temperature-dependent metabolic processes, will have consequences 
which permeate all levels of biological organisation and ecosystem functioning.

Using a naturally occurring soil temperature gradient spanning 5–30 °C in 
the Hengill valley in Iceland, I set out to provide insight into long-term responses 
of species, communities, and soil processes to soil temperature. Epigeal plant 
and invertebrate communities were sampled in the summers of 2013, 2015, and 
2017. In 2018, in addition to sampling aboveground communities, belowground 
communities and soil physiochemical properties were also examined. 

Chapter I sets out to examine the effect of soil temperature on population- 
and community-level epigeal invertebrate and plant communities. We recorded a 
significant decrease in the α-diversity of plants and invertebrates with increasing 
temperature, apparently driven by warming-induced decrease in plant species 
richness, and changes in the dominance hierarchy of the invertebrate community. 
Warm-adapted species replaced species with lower thermal optima in warm 
patches, leading to significant turnover in community structure with warming. 
Mean body size decreased with warming, and together with an overall increase 
in the abundance invertebrates at warmer patches, led to no effect of temperature 
on community biomass. Despite clear community-level trends in diversity and 
biomass indices, population-level effects were inconsistent, driven by differential 
thermal tolerances. However, these baseline trends were not consistent throughout 
the active season, as revealed in Chapter II. Seasonal fluctuations in invertebrate 
diversity indices were dampened by warming, while variation in biomass increased. 
Consistent with our findings in Chapter I, we found that smaller species were found 
in warmer patches and tended to emerge earlier in the season, lending support to 
general temperature-size rules.

Shifts in species and community-level responses can have cascading effects on 
species interactions and ecosystem functioning. Chapter III revealed that increasing 
temperature strengthened plant-invertebrate interactions. Warming increased 
herbivory at the community-level despite inconsistent trends at the species-level 
mediated by plant development stage and the composition of the surrounding 
vegetation. Our results in Chapter IV indicate that belowground communities may 
be more resistant to soil warming than aboveground communities. We found that 
soil organic matter (SOM), rather than temperature, governed spatial variation in 
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soil attributes. Warming had no effect on decomposition, and while some effect 
on the activity of nitrifiers was observed, SOM appeared to be the driving force 
behind N mineralisation. Warming-induced changes in nutrient availability had 
a positive effect on aboveground plant biomass, while belowground plant biomass 
was negatively affected by increasing temperature. 

The results presented in this thesis suggest that despite warming having 
strong effects on populations and communities, ecosystem functioning in the 
long run may be driven more by changes in resources than by direct effects of 
temperature. This thesis contributes to a growing body of literature indicating that 
long-term responses to climate change are complex and still poorly understood. 
Further research is needed that examines the potential for ecosystems to adapt 
and acclimatise to changing abiotic conditions, so that climate change policies can 
prioritise those species, processes, and ecosystems which are most vulnerable to 
climate change. 
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TIIVISTELMÄ

Ihmisen aiheuttama ilmastonmuutos on yksi suurimmista uhista biologiselle 
monimuotoisuudelle ja ekosysteemien toiminnalle pohjoisissa ekosysteemeissä. 
Nämä alueet lämpenevät nopeammin kuin maailmanlaajuinen keskiarvo aiheutta-
en muutoksia maaperän lämpötilassa, sademäärissä ja vuodenaikojen ajoituksessa 
ja pituudessa. Lajitasolla reaktiot näihin muutoksiin, jotka pohjautuvat lämpöti-
lasta riippuvaan aineenvaihduntaan, aiheuttavat seurauksia kaikilla biologisen 
hierarkian ja ekosysteemin toiminnan tasoilla.

Hyödyntämällä luonnossa esiintyvää maaperän lämpötilagradienttia 5 °C:sta 
30 °C: een Hengillin laaksossa Islannissa tutkin lajien, lajiyhteisöjen ja maape-
rän prosessien pitkäaikaisia reaktioita maaperän lämpötilaan. Näytteitä maan-
päällisistä kasvi- ja selkärangattomien yhteisöistä kerättiin kesällä 2013, 2015 ja 
2017. Vuonna 2018 keräsin näiden näytteiden lisäksi näytteitä myös maanalaisista 
eliöyhteisöistä ja tutkin maaperän fysiokemiallisten ominaisuuksien muutoksia.

Artikkeli I käsittelee tutkimustani koskien maaperän lämpötilan vaiku-
tusta selkärangattomiin ja kasveihin populaatio- ja yhteisötasoilla. Lämpö-
tilan nousu aiheutti merkittävän vähenemisen kasvien ja selkärangattomien 
α-monimuotoisuudessa, mikä johtuu ilmeisesti lämpenemisen aiheuttamasta 
kasvilajien määrän vähenemisestä ja muutoksista selkärangattomien lajien väli-
sessä hierarkiassa. Lämpimiin olosuhteisiin sopeutuneet lajit korvasivat matalan 
lämpötilan lajit maaperän lämpötilan noustessa, mikä johti muutokseen yhteisön 
rakenteessa lämpenemisen myötä. Selkärangattomilla keskimääräinen ruumiin 
koko pieneni lämpenemisen myötä, mutta koska selkärangattomien yksilömäärä 
lisääntyi samanaikaisesti lämpimillä alueilla, yhteisön biomassa ei muuttunut 
lämpenemisen myötä. Huolimatta selkeistä yhteisötason muutoksista monimuo-
toisuudessa ja yksilömäärässä, lajitason vaikutukset eivät olleet yhtenäisiä, mikä 
johtui lajien erilaisista lämpötoleransseista. Artikkelissa II käy ilmi, että havaitut 
perustason trendit eivät olleet yhdenmukaisia koko aktiivisen kauden ajan. Sel-
kärangattomien monimuotoisuusindeksien kausivaihtelut vaimenivat maaperän 
lämmetessä, kun taas biomassan vaihtelut lisääntyivät. Artikkelissa I esitettyjen 
havaintojemme mukaisesti löysimme lämpimämmiltä alueilta pienikokoisempia 
lajeja, ja niillä oli taipumus ilmestyä aikaisemmin keväällä, kuten yleisten biolo-
gisten lämpötila-ruumiinkoko sääntöjen mukaan voi olettaa. 

Laji- ja yhteisötason reaktioiden muutoksilla voi olla vaikutuksia lajien väli-
seen vuorovaikutukseen ja ekosysteemien toimintaan. Artikkelissa III osoitamme, 
että lämpötilan nousu vahvisti kasvien ja selkärangattomien vuorovaikutusta. 
Lämpeneminen lisäsi kasvinsyöntiä yhteisötasolla, vaikka lajitasolla seuraukset 
olivat epäyhtenäisiä kasvien kehitysvaiheen ja ympäröivän kasvillisuuden koos-



6

tumuksen takia. Artikkelin IV tulokset osoittavat, että maanalaisilla yhteisöillä 
on suurempi vastustuskyky maaperän lämpenemiselle kuin maanpäällisillä yh-
teisöillä. Havaitsimme, että maaperän orgaaninen aine (SOM) sääteli maaperän 
ominaisuuksien alueellista vaihtelua lämpötilan sijaan. Lämpenemisellä ei ollut 
vaikutusta eloperäisen aineen hajoamiseen, ja vaikka havaitsimme jonkin verran 
vaikutusta typpeä vapauttavien mikrobien toiminnassa, SOM näytti edistävän 
typen mineralisaatiota. Lämpenemisen aiheuttamilla ravinteiden saatavuuden 
muutoksilla oli positiivinen vaikutus maanpäälliseen kasvien biomassaan, kun 
taas lämpötilan nousu vähensi juuribiomassaa.

Väitöskirjani tulokset viittaavat siihen, että vaikka lämpenemisellä on voi-
makkaita vaikutuksia populaatioihin ja yhteisöihin, ekosysteemin toimintaa voivat 
pitkällä aikavälillä ohjata enemmän ravinneresurssien kuin lämpötilan muutokset. 
Tässä esitetyt tulokset ovat osa lisääntyvää tutkimusnäyttöä, jonka mukaan pit-
käaikaiset ilmastonmuutoksen vaikutukset ovat monimutkaisia ja edelleen puut-
teellisesti tunnettuja. On tutkittava ekosysteemien kykyä sopeutua muuttuviin 
olosuhteisiin, jotta ilmastonmuutospolitiikassa voidaan ottaa erityisesti huomi-
oon ne lajit, prosessit ja ekosysteemit, jotka ovat alttiimpia ilmastonmuutokselle.
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1 INTRODUCTION

1.1 Climate change in high-latitude ecosystems

Anthropogenic climate change is arguably one of the most important global 
issues of our time and is considered a primary threat to biodiversity in Arctic 
and high-latitude ecosystems. Such ecosystems are experiencing more rapid 
warming compared with the global mean (Overland et al. 2020) and considering 
their economic importance and influential role in global weather systems (AMAP 
2011, Post et al. 2019) and carbon cycling (Van Huissteden & Dolman 2012), there 
is an urgent need for data on which to base global interdisciplinary management 
and conservation strategies.

Climate change is manifesting in Arctic terrestrial ecosystems principally 
as atmospheric warming and changes in precipitation (Overland et al. 2020). 
Records show that warming since the 1800s is unprecedented compared with the 
preceding 2000 years, and although projections show an increase in precipitation 
in the Arctic, interannual and seasonal variability is very high (Walsh et al. 2011). 
However, while ‘warming’ generally refers to atmospheric temperature in this 
context, soil temperature is also changing as a consequence of climate change 
(Hartmann et al. 2013). The link between atmospheric and soil temperature is 
complex due the effects of snow cover duration and depth (Derksen et al. 2012), 
and precipitation (Subin et al. 2013) on the latter. Consequently, it is difficult to 
predict effects of warming alone on terrestrial communities. It is essential, however, 
to consider soil temperature in the Arctic climate change discourse because of its 
effect on permafrost distribution (Hugelius et al. 2013), as well as ecological and 
biogeochemical processes in northern terrestrial ecosystems (Bardgett et al. 2008, 
Hagedorn et al. 2019, Pugnaire et al. 2019). For example, when considering soil 
organisms and processes, it is of little value to consider climate change solely in 
terms of air temperature.

Arctic warming also shows strong seasonality (Overland et al. 2014), with 
the lengthening of springs and summers, and the shortening of thermal winters 
in northern latitudes (Park et al. 2018, Ruosteenoja et al. 2020). This prevailing 
warming trend is combined with extreme freeze-thaw cycles and changes in snow 
depth, meaning many organisms might encounter lower winter temperatures than 
they are adapted to (Choler et al. 2008), despite summers becoming warmer. 
Because northern ecosystems are characterised by short growing seasons 
following from low temperatures and light levels, the consequences of advanced 
onset of spring, extended thermal summers, and shortened thermal winters, are 
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considerable on the seasonal dynamics of floral and faunal communities in these 
regions (see section 1.2).

Although considerable public attention has been focussed on the detrimental 
effects of climate change on charismatic species (such as polar bears), huge and 
complex ecosystems support such apex predators. The consequences of warming 
on ecosystem processes (including primary productivity and nutrient cycling) 
and the organisms controlling them (plants and invertebrates), is of huge 
consequence for biodiversity loss and human wellbeing. Ecosystem services such 
as provisioning (e.g. timber, genetic resources), regulation (e.g. disease and pest 
control, pollination), cultural services (e.g. ecotourism), and supporting services 
(e.g. nutrient cycling) will also be affected by climate change as a consequence of 
ecological responses to warming. For example, the economic value of European 
forests is predicted to decline due to climate change as the habitat becomes more 
suited to a Mediterranean oak forest type with low economic returns for the timber 
industry and reduced carbon sequestration (Hanewinkel et al. 2013); pollination 
services and therefore crop production will be affected by climate change as a 
consequence of the decoupling of plant-pollinator mutualisms due to species 
phenological and range shifts (Potts et al. 2010, Settele et al. 2016); pest pressures 
in agricultural systems are likely to increase with ambient warming (Svobodova 
et al. 2014); and the spread of invasive species as a consequence of warming may 
have detrimental consequences for native populations, agriculturally important 
species of plants and animals, and conservation efforts for threatened species.

1.2 Species physiology, community structure, and 
ecosystem functioning in a warming climate

Temperature governs organisms’ physiology and behaviour, and thus plays an 
important role in structuring ecological communities. Species’ responses to 
warming are rooted in temperature-dependent metabolic processes (Gillooly et 
al. 2004, Brose et al. 2012), which govern body size (Box 1), life-history traits 
such as phenology, and inter- and intra-specific interactions, including food web 
dynamics. These traits, in turn, precipitate effects on community structure and 
entire ecosystem processes through complex networks of interactions and feedback 
loops. Climate warming can therefore have a significant impact on ecosystems 
either through direct physiological responses to warming, or indirect effects 
mediated by changes in species interactions. The latter may be a driving force 
behind observed population declines and extinctions as a consequence of climate 
change (Cahill et al. 2013).

There is abundant evidence for severe population-level impacts of climate 
warming (Parmesan & Yohe 2003, Walther 2010) for example, species’ distribution 
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and phenological shifts (Menzel et al. 2006, Chen et al. 2011, Lenoir et al. 2015, 
Kharouba et al. 2018). However, it is difficult to extrapolate from species and 
population-level warming responses to the ecosystem level, as a consequence of 
species’ varying thermal sensitivities and differential responses to warming (Ings 
et al. 2009, Berg et al. 2010, Walther et al. 2010, Woodward et al. 2010), and 
interactions in complex, multitrophic ecosystems. Moreover, responses can vary 
over spatial and temporal scales, depending on mobility, life stage, and seasons. 
It is crucial, therefore, to understand and quantify the impacts of warming across 
multiple levels of biological organisation, to be able to model the ecological and 
evolutionary consequences of climate change (Montoya & Rafaelli 2010).

1.2.1 Population-level effects of warming

Although climate change is causing global declines in invertebrate abundance 
(Cardoso et al. 2020, Gillespie et al. 2020), at a local scale, patterns in diversity 
and abundance are more difficult to predict (Sax & Gaines 2003). In high-latitude 
ecosystems, community turnover is likely to be high as a consequence of warming, 
as cold-adapted species either become extinct or are replaced locally by species with 
higher thermal optima (see Hillebrand et al. 2008), and species currently at the 
edge of their thermal niche migrate to more suitable areas (Pecl et al. 2017). Such 
distribution shifts may maintain local species richness, while species evenness 
declines due to the dominance of species adapted to higher temperatures. Warming 
is already re-structuring communities (Lurgi et al. 2012), and such changes in 
dominance hierarchies and relative abundances of species have been reported 
for high-Arctic plants (Kapfer & Grytnes 2017), flies (Loboda et al. 2018), and 
spiders (Bowden et al. 2018). The consequences for ecosystem processes are 
notable, considering that dominant species may drive ecosystem service delivery 
(Winfree et al. 2015).

Whether species are able to disperse to combat climate warming is dependent 
not only on their thermal requirements, but also on habitat availability. For example, 
in Britain, over half of the variation in range shifts of invertebrates was explained by 
the interaction between habitat availability and climate change (Platts et al. 2019). 
Cold micro-habitats might disappear in high-latitude landscapes under future 
climate warming, altering the possibilities for organisms to disperse or migrate, 
and making adaptation and/or acclimation the only viable option. Moreover, 
mobility is to a large extent determined by body size. Larger, and consequently more 
mobile, species are able to disperse in search of better conditions in heterogeneous 
environments (e.g. Alatalo et al. 2017). Thus, warming favouring the small (Box 1) 
and size-based disappearance of species due to lack of mobility, may significantly 
alter ecosystem functioning and the risk of further species loss (Woodward et al. 
2005 and references therein).
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Box 1. Warming effects on body size and food webs

Various temperature-size rules (TSRs) describe the ecological phenomenon of decreasing 
body size with temperature (temperature-size rule (Atkinson 1994), Bergmann’s rule, 
James’ rule; Daufresne et al. 2009). However, the underlying mechanisms remain 
unresolved (reviewed in Gardner et al. 2011), despite widespread evidence for such trends 
(e.g. ≥79% of studies reviewed in Kingsolver & Huey 2008). Although support for TSR 
is particularly prevalent in ectothermic aquatic organisms (reviewed in Daufresne et al. 
2009), evidence from terrestrial organisms, and insects in particular, is contradictory 
(Walters & Hassall 2006, Forster et al. 2012, Shelomi 2012).

However, warming can steepen mass-abundance scaling (Woodward et al. 2010, 
Yvon-Durocher et al. 2011) due to the energetic cost of increased metabolic rate at higher 
temperatures, limiting body size (Brown et al. 2004, Brose et al. 2012; Jochum et al. 2012; 
Shurin et al. 2012). In theory, this manifests as fewer large and more small organisms, 
potentially reducing community biomass (Woodward et al. 2010). Food web dynamics 
may shift as a consequence of such changes in the body-size structure of communities. 
For example, if large-bodied organisms at high-trophic levels are more vulnerable to 
warming (e.g. Solan et al. 2004), as a consequence of greater home ranges and smaller 
population sizes (Woodward et al. 2005, Dossena et al. 2012), they may disappear from 
the regional species pool. As a consequence, food webs may shift towards an increase in 
middle trophic levels, such as herbivores (De Sassi & Tylianakis 2012).

Considering feeding rate is also strongly temperature and body size dependent 
(Woodward & Hildrew 2002, Rall et al. 2012), warming can affect species’ interactions, 
especially in ectotherms, by altering the strength of bottom-up or top-down control 
on food webs. Warming-induced increases in metabolic rate and simultaneous reduced 
feeding efficiency (e.g. Vucic-Pestic et al. 2011, Archer et al. 2019), may stabilise predator-
prey dynamics. Concurrently, the high metabolic demands of consumers may be alleviated 
due to the bottom-up effects of warming increasing primary production (O’Connor et al. 
2009).

Figure 1. Illustration of common 
allometric scaling relationships 
between body mass and traits 
of biological systems. These 
relationships follow:
log Y = logY0 + b log M, where Y0 is 
a normalised dependent variable, 
M is body mass, and b is a scaling 
component. Figure adapted from 
Woodward et al. (2005), with the 
addition of positive mass-scaling of 
metabolic rate (Brown et al. 2004), 
and growth rate (Savage et al. 
2004).
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In other species, shifts in phenology rather than distribution, may be an 
overriding response to climate warming. This is especially the case in high-
latitude environments where thermal conditions vary seasonally. For example, 
as a consequence of earlier onset of spring and an extended thermal summer, 
some species show earlier emergence, increased activity, faster growth rates, 
and even increased voltinism (Høye & Forchhammer 2008, Altermatt et al. 
2010, Leingärtner et al. 2014, Forrest et al. 2016). Such changes in the timing 
of key biological events and processes have important consequences for species’ 
interactions, potentially disrupting mutualistic interactions and exacerbating or 
generating new antagonistic interactions (see section 1.2.2.).

However, not all species benefit from such seasonal warming and responses 
are highly dependent on ontogeny. Immobile life stages (especially in insects) are 
unable to alter their behaviour in response to changes in temperature. While adult 
butterflies show greater population growth during warm summers, overwintering 
adults and larval stages are highly susceptible to negative effects of warming 
(McDermott Long et al. 2017). Furthermore, later generations of multivoltine species 
may not be able to mature before the onset of autumn and winter and may suffer 
negative fitness consequences (Kerr et al. 2020). Similarly, early developmental 
stages of plants are highly sensitive to warming, and higher temperatures may 
decrease germination of certain species (Lloret et al. 2004, Marcante et al. 2014, 
Klanderud et al. 2017). For other organisms, spring temperature may not be as 
good an indicator of abundance as cumulative-degree days and consequently the 
length of summer (Bolduc et al. 2013).

1.2.2 Community and ecosystem level effects of warming

Individual species’ responses to warming precipitate effects on interspecific 
interactions, and community structure. For example, phenological and distribution 
shifts due to warming can affect the co-occurrence of interdependent species 
(Rafferty et al. 2013, Urban et al. 2013). Moreover, even if species do not disappear 
from the species pool and continue to co-occur, the frequency of interactions 
can be altered by habitat change, such as vegetation cover and composition for 
example, altering the probability of encounters (see Tylianakis & Morris 2017). 
Although negative effects of climate-induced phenological ‘mismatching’ have 
been widely reported (Parmesan 2007, Forrest 2016, Thackeray et al. 2016, 
Kharouba et al. 2018), phenological synchrony can also occur and have significant 
consequences, for example on convergence of pest outbreaks (Jepsen et al. 2008, 
Jepsen et al. 2011), competitive displacement (Milazzo et al. 2013), or the creation 
of novel interactions (Lurgi et al. 2012). Changes in community assembly due to 
the advanced onset of spring can impact the competitive ability and abundance 
of species throughout the active/growing season (Louette & De Meester 2007, 



15

Clements et al. 2013, Bokhorst et al. 2016), with potentially cascading impacts 
on species’ interactions such as herbivory and predation (Berg et al. 2008, Post 
et al. 2009).

However, shifts in phenology and species’ interactions can be highly 
dependent on ontogeny. For example, plant resistance to herbivory changes 
throughout plant development (Boege & Marquis 2005), so changes in the timing 
of key life stages as a consequence of warming, can increase or decrease plant 
vulnerability to herbivory. On the other hand, herbivores are dependent on the 
availability of specifically aged plant material during certain life stages, due to, for 
example, its nutritional content or the risk of predation (Boege & Marquis 2005 
and references therein). Such feedback effects among ontogeny, phenology, and 
species’ interactions highlight the importance of considering warming effects on 
organisms throughout their life cycle and not simply at specific phenological events. 

Changes in distribution of species alters consumer-resource interactions. 
Resource availability is a key determinant of responses to warming in high-latitude 
ecosystems, especially if warming supports the higher metabolic demands of 
consumers in a warmer environment (e.g. Roy et al. 2004). For example, primary 
productivity can increase as a consequence of changes in seasonal temperature 
dynamics, especially the lengthening of the growing season (Rustad et al. 
2001, Klanderud & Totland 2005, Leblans et al. 2017), with cascading effects 
on herbivore communities. Moreover, warming-induced changes in vegetation 
community composition may also support a higher biomass or diversity of 
invertebrates (Nielsen & Wall 2013, De Sassi et al. 2012, Koltz et al. 2018, Lord 
et al. 2018). Several studies suggest that plant-herbivore interactions may have 
a stronger impact on herbivore communities than temperature alone (Andrew & 
Hughes 2007, Zhou et al. 2015). Functional response experiments have revealed 
strengthening of invertebrate consumer-resource interactions following warming 
(Rall et al. 2012), as a consequence of the higher metabolic demands of organisms 
in warmer conditions (Box 1).

Considering the abundance of evidence for species’ interactions affecting 
warming responses, biotic specialisation may, to a large extent, predict species’ 
vulnerability to climate change. Theory predicts that specialised species with 
few, fixed interactions occur in smaller abundances and occupy smaller climatic 
niches (Slatyer et al. 2013). Species disappearing due to warming according to 
their network role might promote coextinctions. This can be seen in historical 
mass extinctions evident from the geological record but are also predicted under 
current climate change scenarios (Blois et al. 2013). For example, the disappearance 
of specialists might have greater consequences for community structure and 
ecosystem stability than the disappearance of generalists, due to the smaller 
number but greater strength of their interactions (Tylianakis & Morris 2017). 
Generalists, due to their larger number of interacting partners, may be better 
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able to buffer against the loss of specific interactions by generating new ones. For 
example, temperature had a significant effect on the diet of two generalist wolf 
spiders in a subarctic valley, significantly changing the composition and turnover of 
prey consumed along a soil temperature gradient (Eitzinger et al. 2021). Simulation 
models indicate that animals may be more sensitive to the negative effects of biotic 
specialisation than plants (Schleuning et al. 2016). 

As discussed in this section, warming responses often come down to direct 
temperature effects on metabolism and temperature-dependent processes. 
Soil warming may also alleviate the constraints of low temperature on soil 
processes such as decomposition and nutrient cycling, by increasing the activity 
of soil organisms (Nielsen & Wall 2013, Walker et al. 2018). This is particularly 
relevant in high-latitude ecosystems which are characterised by comparatively 
low temperatures and nutrient levels. Changes in biogeochemical cycling as a 
consequence of warming may have pronounced consequences for feedbacks to the 
climate, although whether increased soil carbon decomposition amplifies warming 
is still debated (see Davidson & Janssens 2006 for review). However, in the long 
run, changes in ecosystem functioning will likely feedback to the climate. For 
example, changes in vegetation composition have been directly linked to changes 
in albedo and evapotranspiration (Swann et al. 2010). 

1.3 Evolution and adapting to changing abiotic 
conditions

Evolution plays an important role in the responses of ecosystems to changing 
abiotic conditions because natural selection is the main source of adaptation in 
natural systems (see Berteaux et al. 2004). It is therefore important to consider 
evolution in the context of mitigating climate change effects on ecosystems and 
conservation biology more widely (Stockwell et al. 2003). Although organisms 
have developed specific mechanisms for living in particular environments, many 
show a striking ability to adapt and acclimatise to changes in the surrounding 
abiotic conditions as a consequence of phenotypic plasticity, dispersal ability, or 
genetic diversity (Foden et al. 2019). Species with short life-histories, and therefore 
high capacity for population growth, such as invertebrates, may have the greatest 
potential to adapt to ecological change (Owens & Bennett 2000). Adaptations may 
not spread fast enough in populations where extended generation times hamper 
population turnover (Woodward et al. 2010). Moreover, it has been suggested 
that Arctic populations may be better able to adapt to climate change due to the 
long-term and seasonal climate fluctuations in these regions, and consequently the 
higher selection pressure, compared with that which pertains to more climatically 
stable regions (Berteaux et al. 2004). Some evidence for this can be seen in 
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microbial communities and sensitivity to extreme weather events (Hawkes et al. 
2015, Bardgett & Caruso 2020). 

Considering the resilience (both resistance and recovery after Hodgson et 
al. 2015) of ecosystems to climate change is important for understanding and 
mitigating the effects. High diversity, for example, is thought to confer resilience 
to ecosystems facing environmental perturbations (Box 2). Changes in biodiversity 
have considerable consequences for ecosystem functioning (Cardinale et al. 2012), 
so biodiversity loss as a consequence of climate change must be curbed. Ecological 
networks are formed by the direct and indirect interactions between species, such 
as antagonistic or mutualistic interactions (Montoya et al. 2006). The complexity 
of these networks can determine how susceptible they are to perturbations (e.g. 
climate) and their capacity for resistance and recovery. Overall, resilience will be 
dependent on a variety of mechanisms from species-level traits, including genetic 
diversity, to the ecosystem level, such as the availability of microclimate and habitat 
heterogeneity, and connectivity (Oliver et al. 2015). Although there are studies 
which recount contemporary adaptation to climate change, they concentrate 
mainly on phenological adaptation (Berteaux et al. 2004 and references therein). 
Evolutionary responses to long-term warming, on the other hand, are difficult 
to examine. This is where naturally occurring temperature gradients, such as in 
geothermal systems, can provide us with significant insight into how temperature 
specifically structures communities in the long-term (Box 3).
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2 AIMS 

The principal aim of the work reported in this thesis was to examine the effects 
of chronic warming in a subarctic geothermal system, with a view to providing 
insight into how climate change will shape terrestrial communities and ecosystem 
functioning in the future. Despite high-latitude systems being particularly 
vulnerable to warming (Overland et al. 2020), baseline information on how 
temperature affects terrestrial communities, in particular invertebrates, in the 
long-term, is sparse. Calls have been made to use environmental gradients to track 
community responses to climate change in space and time (Bardgett & Caruso 
2020). Using ecosystem monitoring and survey methods, I (together with my co-
authors) set out to investigate four key questions:

1. How does soil temperature affect epigeal invertebrate and plant community 
structure? (Chapters I, II)

2. To what extent is seasonal epigeal invertebrate community turnover governed 
by soil temperature? (Chapter II)

3. How does soil temperature affect herbivory, and is this mediated by temperature 
effects on phenology? (Chapter III)

4. To what extent does soil temperature control soil community structure and 
key soil processes, such as decomposition and N cycling, and plant biomass 
production? (Chapter IV)
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Box 2. Ecosystem stability

Ecosystem stability is a complex and often misinterpreted concept (Hodgson et 
al. 2015, Donohue et al. 2016), but is an essential consideration in the context of 
climate change. Climate change is disrupting ecosystems through various direct 
and indirect effects on species, which ultimately impact community structure and 
functioning (see section 1.2.). Stability describes the extent to which ecosystems 
respond to disturbance and are able to return to their pre-disturbance state. It 
encompasses such components as variability, resistance, resilience, persistence, 
and robustness, which all measure various aspects of shifts in community 
structure and biodiversity following disturbance (see Donohue et al. 2013 & 2016 
for definitions). These components are highly interconnected, and may act in 
conjunction with each other, either positively to reinforce stability, or negatively 
to further ecosystem change (Hodgson et al. 2015). For example, high variability 
can cause low robustness, while high resistance can cause low resilience 
(Donohue et al. 2013). It is important to consider how the widespread loss of 
biodiversity caused by climate change will impact these components of stability, 
and how policy can manage and prioritise them in conservation and restoration 
efforts.

Traditionally, diversity is thought to confer stability to ecosystems (Yachi 
& Loreau 1999), because high diversity allows for ecosystem functioning to be 
supported despite the loss of some species (i.e. ‘functional redundancy’). This 
theory has led to calls for controlled species’ invasions as a biodiversity loss 
mitigation policy (Thomas 2020). However, the mechanisms underlying diversity-
stability relationships are contentious and probably comprised of multiple 
coinciding processes (Loreau & De Mazancourt 2013), working on different 
levels of biological organisation. It is generally accepted that species’ functional 
traits strongly impact ecosystem functioning (Hooper et al. 2005) and their 
resilience to perturbations such as climate change. For example, the stability 
provided to food webs through the coupling of fast and slow energy channels 
could be destabilised by the removal of top predators (Rooney et al. 2006; see 
Box 1). Having species with a wide range of responses to environmental change 
can buffer ecosystems to variation in abiotic conditions (Hooper et al. 2005, 
De Mazancourt et al. 2013). Similarly, promoting habitat heterogeneity can also 
improve ecosystem resilience to climate change by facilitating dispersal (Malhi et 
al. 2020).

Although this is a broad subject which I did not directly examine in this 
thesis, it is important to consider the consequences of varying species- and 
community-level responses to warming (including those reported here, see 
Section 4) for ecosystem stability. How important is overall decline in diversity 
relative to the disappearance of key trophic groups or species, in determining 
how ecosystems respond to change? Are there differences in the stability of 
aboveground and belowground communities to abiotic change, and if so why?
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3 METHODS

3.1 Study system – Hengill

To examine the effect of temperature on subarctic terrestrial communities, and to 
provide insight into how these communities might respond to climate warming 
in the future, 

I used a naturally-occurring geothermal temperature gradient in Iceland 
as a space-for-time substitution. Geothermal regions that are not confounded by 
extreme physical or chemical variables are ideal systems for studying the impacts 
of environmental temperature on communities in a natural setting (O’Gorman 
et al. 2014; Box 3). Moreover, as a consequence of these communities being 
subjected to long-term, chronic warming, they are likely to provide insight into 
evolutionary responses. The Hengill Valley in Iceland (64.03°N, 21.18°W; Figure 
1) contains a gradient of soil temperatures (5–35°C during sampling), arising from 
the differential geothermal heating of the landscape. Despite its catchment of 
streams being extensively studied over the past several decades (O’Gorman et al. 
2012), a pilot study on the terrestrial system was first done in 2012 (see Chapter 
I Supplementary Information). 
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Figure 1. The Hengill geothermal valley in Iceland is formed of a catchment of 16 streams. The 
surrounding terrestrial habitat is characterised by vegetation representative of a low Arctic 
community, dominated by graminoids, mosses, and herbaceous perennial forbs. Numbers correspond 
to stream names I refer to in all Chapters. Sites used in Chapter I and II were located on right and left 
banks of each stream, whereas sites in Chapters III and IV were distributed throughout the 
surrounding terrestrial habitat, to span evenly the entire soil temperature gradient at the field site.  

3.2. Data 
 
I used a variety of traditional field-survey methods to address the research questions. Chapter 
I combined soil temperature data with epigeal invertebrate monitoring at 96 plots in July 
2013, to look at the effect of soil temperature on several invertebrate diversity and biomass  

Figure 1. The Hengill geothermal valley in Iceland is formed of a catchment of 16 streams. The 
surrounding terrestrial habitat is characterised by vegetation representative of a low Arctic 
community, dominated by graminoids, mosses, and herbaceous perennial forbs. Numbers 
correspond to stream names I refer to in all Chapters. Sites used in Chapter I and II were located 
on right and left banks of each stream, whereas sites in Chapters III and IV were distributed 
throughout the surrounding terrestrial habitat, to span evenly the entire soil temperature 
gradient at the field site. 

3.2 Data

I used a variety of traditional field-survey methods to address the research 
questions. Chapter I combined soil temperature data with epigeal invertebrate 
monitoring at 96 plots in July 2013, to look at the effect of soil temperature 
on several invertebrate diversity and biomass indices. Chapter II built on the 
results of Chapter I, by incorporating a temporal element; soil temperature and 
the invertebrate community were sampled at four time-points during May –
July 2015 at 60 plots, to examine the seasonality of temperature responses to 
warming. Chapter III focused on monitoring key plant species and the effect of soil 
temperature on herbivory during May–July 2017 at 14 sites in the valley. Chapter 
IV integrated plant and invertebrate survey methodology used in Chapters I, II, 
and III, with extensive soil surveys, to examine temperature effects on soil and 
epigeal community structure and key ecosystem functions at 40 plots in August 
2018. As a note, although I did not carry out data collection in 2013, I processed 
the samples and curated the data (Chapter I). Moreover, I supervised the data 
collection in 2017 (Chapter IV).
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Box 3. Using geothermal sites as natural laboratories

Laboratory studies are often overly simplistic, overlooking the complexity of species’ responses 
and networks of interactions. Surveys (generally along elevational gradients) are unable to tease 
apart the confounding effects of various environmental variables. Naturally occurring thermal 
gradients represent an ideal setting in which to examine both short-term (transient) and long-
term (equilibrial) effects of warming (O’Gorman et al. 2014, Sigurdsson et al. 2016). Use of such 
space-for-time substitutions has revealed significant effects of temperature across multiple levels of 
biological organisation (Woodward et al. 2010b). 

Geothermal gradients have revealed the significant role that temperature plays in structuring 
aquatic ecosystems. Freshwater research at Hengill indicates that warming stimulates decomposition 
and primary production (Friberg et al. 2009) and increases species turnover at the community 
level (Woodward et al. 2010b). Increasing community-level abundance and biomass of stream 
invertebrates with warming (Hannesdottir et al. 2013, O’Gorman et al. 2012, 2016) is coupled with 
varying effects on population-level body mass (Adams et al. 2013, O’Gorman et al. 2012), challenging 
temperature-size rules (Box 1). In streams, changes in the metabolic requirements of organisms 
living under higher temperature conditions have effects across multiple trophic levels (O’Gorman et 
al. 2017, Gordon et al. 2018, Archer et al. 2019, Cloyed et al. 2019).

Terrestrial ecosystem structure and functioning has also been examined in Iceland (Sigursdsson 
et al. 2016) and revealed relatively few warming impacts on microbial communities (Radujković 
et al. 2017). Key plant species show varying phenological responses to soil temperature (Valdés 
et al. 2019, Wickander et al. 2020), with warming also altering community composition (Walker et 
al. 2020). Moreover, epigeal invertebrate species react in contrasting ways to short vs. long-term 
geothermal warming. For example, Collembola abundance increased after a strong, short-term 
reduction in abundance and functional diversity (Holmstrup et al. 2018). Overall, however, the 
terrestrial system has received little attention in comparison with the streams.
Extrapolating from observations of geothermal gradients to wide-scale global patterns has 
unresolved issues. Observations from geothermal areas do not provide a mechanistic understanding 
of warming responses, but rather indicate what communities might look like in the future (rather 
than how they got there). Although some may argue that warming responses along thermal 
gradients represent a measure of phenotypic plasticity, it is unlikely that this is the case, given the 
continued directional pressure imposed by the temperature gradient. Although there is evidence 
that cold sites remain cold, and warm sites remain warm over time (Chapter II; see O’Gorman et al. 
2017), there is no information on what communities looked like before the warming ‘treatment’. For 
this reason, observational studies along thermal gradients have been combined with manipulative 
experiments to provide an understanding of the underlying processes. For example, coupled with 
‘common garden’ experiments, examination of plant phenology along the soil temperature gradient 
highlighted the dichotomy of short-term plastic responses to warming compared with long-term 
evolutionary responses (Valdés et al. 2018). Long-term geothermal warming was combined with a 
short-term experiment and modelling to show that warming accelerates microbial activity, causing 
temporary soil carbon loss (Walker et al. 2018). Stream temperature has also been manipulated in 
several studies at Hengill (O’Gorman et al. 2014, Nelson et al. 2017), so communities can be studied 
before and after warming. 

Finally, these sites are valuable for maintaining regional biodiversity in the face of climate 
change, acting as refugia for populations with constricted thermal optima, and as a source of 
species with adaptive traits for a variety of climatic conditions (Woodward et al. 2010b, O’Gorman et 
al. 2014).
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3.2.1 Soil surveys

The essential variable for each research question was soil temperature. This 
was measured at 5–10 cm depth at each plot using one of two methods: Maxim 
Integrated DS1921G Thermocron iButton temperature loggers (Chapters I and II), 
or a soil temperature probe (Chapters III and IV). 

Although key soil physiochemical properties (soil pH, moisture, total nitrogen, 
and total carbon) were analysed for each chapter so as to be able to isolate the 
effects of temperature from confounding soil variables, extensive soil surveying 
was only conducted in 2018 (Chapter IV). This included estimating bacterial and 
fungal abundance (in terms of 16S and ITS gene copies) from soil cores taken at 
each plot. These samples were analysed by Dr. Beat Frey at the Swiss Federal 
Research Institute in Birmensdorf, Switzerland. Soil physiochemical properties 
(NH4, and NO3 concentrations, soil pH, soil moisture, and soil organic matter 
concentration (SOM)) were also obtained from soil cores taken from each plot 
and analysed by myself, Marianne Lehtonen, and Santeri Savolainen (AlmaLab, 
University of Helsinki).

3.2.2 Invertebrate surveys

Epigeal invertebrates were sampled using pitfall traps in July 2013 (Chapter I), 
May–July 2015 (Chapter II), and August 2018 (Chapter IV). To be able to examine 
both population- and community-level effects of soil temperature, invertebrates 
were identified to species level where possible, and data on species α-diversity, 
richness, evenness, body size (the abundance-weighted mean body mass), 
abundance, and biomass, were produced (Chapters I and II). Higher taxonomic 
(e.g. Diptera, Hymenoptera, and Acari) and morphological (e.g. Collembola) groups 
were used where species-level identification was not feasible. For Chapter II, this 
sampling was repeated four times (19th May, 4th June, 23rd June, and 5th July) over 
the course of the sampling period, because sample collection over several time 
points within a season allowed assessment of the effect of temperature on the 
temporal variance of these diversity and biomass indices. 

For Chapter IV, in addition to surveying epigeal invertebrates, belowground 
nematodes, enchytraeids, and micro-arthropods were also sampled from soil cores 
taken at each plot. These samples were processed by me and Marleena Hagner 
(University of Helsinki and LUKE). However, because the focus of the research 
question in this case was the effect of soil temperature on key ecosystem processes, 
invertebrates were categorised by feeding group rather than by species. In this way, 
we were able to isolate key functional groups for different analyses. For example, 
when modelling the effect of temperature on decomposition, we were able to 
include in the analysis those functional groups involved specifically in this process: 
bacterivorous and fungivorous nematodes, enchytraeids, and detritivorous micro-



24

arthropods. Additionally, when modelling the effect of temperature on biomass 
production, we were able to include epigeal and soil herbivores and exclude other 
functional groups. 

3.2.3 Plant community and phenology surveys

Plant surveys were conducted as part of sampling in 2013 (Chapter I), 2017 (Chapter 
III), and 2018 (Chapter IV). Plant community structure, total cover, and diversity 
were sampled using 0.5 × 0.5 m quadrats, using cover classes to describe the 
percentage cover of each species (according to Peet et al. 1998). All vascular plants, 
except for graminoids, were identified to species level so as to be able to examine 
species-specific responses to temperature, while the percentage cover of grasses, 
mosses, lichens and litter was also noted to provide information on community-
level vegetation structure.

For Chapter III, the development stage and herbivore damage on thirty 
individuals of cuckooflower (Cardamine pratensis L.), common mouse-ear 
(Cerastium fontanum Baumgerten), and marsh violet (Viola palustris L.) was 
followed throughout the study period, to examine plant phenology and species-
level herbivory along the soil temperature gradient. Community-level herbivory 
was assessed as the number of plants with herbivore damage out of 100 random 
individuals within a portion of each plot.

One of the main aims of Chapter IV, was to investigate the effect of soil 
temperature on plant biomass production. Aboveground vascular plant biomass 
(AGB) and belowground plant biomass (BGB) were estimated as the dry biomass 
of graminoids and forbs in a 30 x 30 cm area, and dry root biomass from soil 
cores, respectively. Graminoid leaf N concentration was also analysed from dried 
leaf material to indicate whether greater N mineralization as a consequence of 
soil temperature, supports higher plant leaf N concentrations.

3.3 Statistical analyses

All statistical analyses for Chapters I–IV were done in statistical software R (R 
Core Team 2020). 

In Chapter I, I used generalised additive models (GAM: gam function in the 
mgcv package) to examine the effect of soil temperature on epigeal invertebrate 
and plant assemblage α-diversity, richness, and evenness, as well as the effect of 
temperature on the percentage cover of the plant community, and the mean body 
mass, total abundance, and total biomass of the invertebrate community. Moreover, 
species’ turnover for the vegetation and invertebrate assemblages (quantified as 
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the Sørensen similarity between pairwise combinations of all sites) was analysed 
using a Mantel test (mantel function in the vegan package).

A multivariate Bayesian approach was adopted alongside more traditional 
univariate Linear Mixed Effect Models (LMEM) in Chapter II, to examine the 
temporal aspect of the effect of temperature on epigeal invertebrate community 
structure. I used univariate LMEM (lme function in the nlme package) to examine 
the main and interactive effects of temperature and sampling time-point on epigeal 
invertebrate diversity and biomass indices, as well as the temporal variance of these 
metrics. Hierarchical Modelling of Species Communities (HMSC; Ovaskainen et al. 
2017), a multivariate approach belonging to the class of joint species distribution 
models), was used by Dr. Otso Ovaskainen to examine whether there was support 
for the effect of temperature on invertebrate occurrences changing during the 
sampling period. HMSC models were fitted with the R package Hmsc (Tikhonov 
et al. 2020).

Chapter III also used LMEM to assess the relationship between soil 
temperature and percentage cover of main vegetation groups, and to explore 
the major drivers of herbivory at the community levels. A measure of vegetation 
community composition was generated using non-metric multi-dimensional 
scaling (NMDS; metaMDS function in the vegan package), and was used in 
subsequent analyses. To analyse herbivory at the species-level, generalised linear 
mixed effects models (GLMM) were used (glmer function in the lme4 package). For 
both community- and species-level herbivory analyses, all possible combinations 
of soil temperature, plant phenology, and vegetation community composition were 
included to explain the probability of plants experiencing invertebrate herbivory.

In Chapter IV, I used a combination of multivariate and univariate general 
linear models and piecewiseSEM (psem function in the piecewiseSEM package in 
R; Lefcheck 2016) to examine causal pathways and potentially complex interactions 
of direct and indirect effects of temperature and soil organic matter content (SOM) 
on various production metrics, such as decomposition, N-mineralisation, and 
biomass production metrics. Because temperature and SOM were unexpectedly 
not correlated, it was possible to examine the extent to which soil temperature 
and resource availability (SOM) independently controlled ecosystem functions. 
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4 RESULTS AND DISCUSSION

In this thesis, I show how temperature has a significant impact on the structure 
and functioning of terrestrial invertebrate and plant communities along a soil 
temperature gradient in a subarctic valley in Iceland. Although individual 
populations showed a wide range of differential responses to soil warming, clear 
community-level effects were evident (Chapters I-III), with warming precipitating a 
decrease in the diversity of plant and invertebrate assemblages (Chapter I). Diversity 
trends were most consistent through time in warmer plots, with strong seasonal 
variability in cooler soils (Chapter II), suggesting climate change may dampen 
the seasonal turnover of communities, characteristic of high-latitude ecosystems. 
These population and community level responses to warming had cascading 
effects on aboveground ecosystem functioning, for example strengthening plant-
herbivore interactions (Chapter III) and shaping aboveground biomass (Chapter 
IV). However, belowground invertebrate communities and ecosystem processes 
appeared much more resilient to warming, being driven instead by resource 
availability (Chapter IV). Overall, the results presented in this thesis indicate 
that climate change may have a disproportionate effect on epigeal organisms, 
while soil organisms may adapt and/or acclimatise to warming in the long term. 
Although this thesis does not examine warming effects at a genetic or trait-level, 
we can draw some conclusions from these results about the adaptive potential 
of northern ecosystems to climate change. The results discussed in this thesis 
highlight the need to consider both population- and ecosystem-level responses 
to warming in future research and emphasise the dichotomy between short and 
long-term responses. 

4.1 How does soil temperature affect epigeal 
invertebrate and plant community structure? 

In Chapter I, we established the occurrence of significant community-level effects 
of increasing soil temperature on invertebrates: (1) species diversity decreased, 
driven by increasing dominance of large, predatory species in warmer habitats and 
the decrease in plant species richness; and (2) invertebrate community biomass 
remained constant along the temperature gradient, driven by the contrasting 
positive effect of warming on abundance and negative effect of warming on body 
size. There were contrasting population-level trends for both invertebrate and plant 
species, which may be explained by differential thermal tolerances and metabolic 
requirements, as well as changes in resource availability.
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Climate warming shifts plant community composition (Thuiller 2004, 
Walker et al. 2006) as a consequence of varying species’ thermal sensitivity and 
consequent temperature niche separation (Klanderud & Totland 2005, Bertrand 
et al. 2011). In support of this, we detected high turnover in plant community 
composition along the soil temperature gradient, although the accompanying 
reduction in species’ richness with warming suggests an absence of species with 
higher thermal optima in the regional species’ pool in Hengill (Chapter I; Figure 
2). This is concerning given that migration and distribution shifts are an important 
option for many species to combat climate change. Our findings are in line with 
those of other studies on elevational gradients, which show that the loss of native 
plant species as a consequence of warming cannot be offset by the invasion of 
better adapted species (De Sassi et al. 2012). It is therefore arguable that overall 
warming-induced species’ losses will exceed gains (i.e. diversity will decrease more 
than increase), especially in cold climates where climatic gradients are absent 
(Harrison 2020). Our results indicate that large-scale loss of plant diversity in 
high-latitude ecosystems is likely, especially if the regional species’ pool does not 
contain species with a broad range of thermal tolerances. 

Climate change may, however, favour certain plant groups over others. We 
observed increased cover of graminoids and forbs with warming, but no effect on 
bryophytes or lichens (Chapter III), possibly driven by changes in soil nitrogen 
availability (Chapter IV). Our results are in line with previous findings that 
indicated positive effects of warming on graminoids (Brooker & van der Wal 2003, 
Walker et al. 2006) and forbs (Walker et al. 2006, Winkler et al. 2016). However, 
contrasting results were reported for bryophytes (Walker et al. 2006, Day et al. 
2008, Jägerbrand et al. 2009). Plant community composition controls plant-soil 
feedbacks, and changes in the biomass of plant functional groups will alter soil 
community structure and functioning via changes in the quantity (i.e. litter and 
plant root exudates) and quality (e.g. lignin and N content) of plant inputs into 
the soil (Wardle et al. 2004, Rinnan et al. 2007, Kardol et al. 2010, Eisenhauer 
et al. 2012; see Section 4.4.).

In contrast with plant community turnover, the observed high turnover in 
invertebrate community composition along the soil temperature (Figure 2), was 
most likely explained by species with a low thermal optimum being replaced 
by warm-adapted species. Diversity of invertebrate species was not affected by 
warming, although we recorded a significant shift in the dominance hierarchy 
(decreased evenness) of the community (Chapter I). Highly mobile, large-bodied 
species, such as those in the carabid beetle genus Pterostichus, were able to 
replace smaller species (e.g. harvestman Mitopus morio Fabricius and carabid 
beetle Patrobus septentrionis Dejean) at warmer plots. This was likely in part 
due to the contrasting thermal sensitivity of these species; M. morio and P. 
septentrionis are cooler habitat species (Hein et al. 2014) whereas Pterostichus 
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beetles are tolerant of high temperatures (Berthe et al. 2015). It is reassuring 
to note that larger invertebrates at the highest trophic levels did not appear to 
respond negatively to warming, as has been previously suggested (Box 1; Petchey 
et al. 1999, Brown et al. 2004, Woodward et al. 2005). Species at higher trophic 
levels can have disproportionate effects on ecosystem functioning and food web 
dynamics, so loss of these due to climate change could have severe ramifications 
for ecosystem resilience (Woodward et al. 2005, Bruno & Cardinale 2008).
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Figure 2. Sørensen similarity in community composition declined with increasing pairwise 
temperature difference between sites in July 2013 (Chapter I; Robinson et al. 2018): (a) plants (y = 
0.756−0.006x; Mantel test: r = .327, p = .006); (b) invertebrates (y = 0.618−0.004x; Mantel r = 
.218, p = .022) 

 
Figure 3. Invertebrate community abundance is the sum of all population abundances per site, 
whereas body mass refers to the abundance-weighted arithmetic mean body mass of each species. 
Invertebrate abundance increased (GAM: r2 = .22, F = 5.879, p = .014) while body mass decreased 
(GAM: r2 = .19, F = 8.273, p = .007), leading no overall change in invertebrate biomass (GAM: r2 
< .01, F = 0.731, p = .402) in July 2013 (Chapter I).  
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In general, however, smaller invertebrate species were found at warmer 
plots (Figure 3). This finding is consistent with meta-analyses on freshwater 
communities (Daufresne et al. 2009), although we found no evidence for individuals 
within a population being smaller at higher temperatures. However, it does 
contradict previous studies from the freshwater system in Hengill, which found 
no consistent temperature-size trends (TSR; O’Gorman et al. 2012, Adams et al. 
2013), possibly due to temperature-mediated increases in resource availability and/
or enhanced species growth and reproductive rates (Lurgi et al. 2012). Moreover, 
our findings also challenge results of a meta-analysis which suggest TSRs should 
be stronger in aquatic than terrestrial systems (Forster et al. 2012). In our study, 
the aggregation of small herbivores (e.g. springtails) at warmer sites may help to 
explain the aggregation of large, predatory, carabid beetle Pterostichus species 
there. A possible explanation for this shift in the size-structuring of the community 
in warm plots, may be the impact of temperature on voltinism (Altermatt et al. 
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2010) because warming may induce multivoltine species to maximise their fitness 
by maturing earlier at a smaller size (Horne et al. 2005). However, if this is the case, 
it makes these species extremely vulnerable to abrupt climate changes (extreme 
events), if subsequent generations are caught in a developmental trap, unable to 
mature as conditions become unfavourable (Kerr et al. 2020). 
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Overall, warming appeared to have a positive effect on the abundance of 
the epigeal invertebrate community (Figure 3). Similar positive responses of 
soil invertebrate abundance have been reported for the Arctic, in response to 
changes in vegetation type (Nielsen & Wall 2013). It is possible that warming-
induced-increase in primary production and faster rates of vegetation regeneration 
(Nishar et al. 2017) might support the greater metabolic demands of herbivores 
(and consequently predators) at higher temperatures. This effect may be reinforced 
by declining vegetation diversity providing fewer refugia for herbivores, thus 
contributing to the aggregation of large predators in warmer habitat patches due 
to the greater availability of prey. Moreover, aquatic subsidies (energy transferred 
from the aquatic to the terrestrial habitat), which are known to form a large part of 
the diet of many invertebrate predators (Paetzold et al. 2005), might also support 
a greater abundance of invertebrates at warmer plots because warmer stream 
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temperatures result in greater insect emergence (Greig et al. 2012, Hannesdottir 
et al. 2013).

Our findings from Chapter I provide an important baseline from which the 
effect of changing environmental conditions on this community can be tracked. 
They also contribute to our understanding of why community-level studies of 
warming impacts are imperative if we are to disentangle the contrasting thermal 
responses of individual populations. These results suggest that the recorded 
changes in community composition and size-structuring could have consequences 
for ecosystem functioning. Moreover, they highlight the importance of regional 
microclimatic conditions and connectivity among habitats, in maintaining suitable 
conditions for species with a wide range of thermal tolerances. However, due to 
the highly seasonal nature of northern ecosystems, the next step is to examine 
whether these trends hold throughout the active/productive season from early 
community assembly to peak productivity.

4.2 To what extent is seasonal community turnover in 
the epigeal invertebrate community governed by 
soil temperature? 

Warming effects on invertebrate diversity and biomass had a significant temporal 
aspect to them: within-season fluctuations in species diversity were dampened 
by warming, while biomass varied more throughout the active season as soil 
temperature increased (Chapter II; Figure 4). Due to the seasonal nature of 
northern ecosystems, communities may therefore be more vulnerable to climate 
change early in the spring during the community assembly phase, with legacy 
effects throughout the summer season. This also has implications for interannual 
stability of northern ecosystems because warming alters dominance hierarchies of 
plant and invertebrate communities (Chapter I) and dominant species, rather than 
overall diversity, may regulate ecosystem stability (Box 2; Sasaki & Lauenroth 2011).

Early spring temperatures and the timing of snow melt can have strong 
impacts on epigeal invertebrate species (Kankaanpää et al. 2018), especially 
considering that they are relatively short-lived (Morris et al. 2008). For example, 
in high-Arctic Greenland, rising temperatures and the altered timing of snowmelt 
during the past 18 years, have had detrimental effects on the abundances of certain 
spider species (Bowden et al. 2018). We found that although invertebrate diversity 
was higher in warmer plots during early community assembly, abundance was 
not affected by temperature at this time (Chapter II). This supports findings from 
Chapter I, that temperature alters invertebrate communities through shifts in 
dominance hierarchies. Higher temperatures early in spring may enable some 
invertebrates to emerge from hibernation or diapause earlier, and thus colonise 
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warmer plots faster. Similar results were reported in an alpine study, where earlier 
snowmelt led to earlier emergence of arthropods (Leingärtner et al. 2014).

Plant communities are also likely to be impacted by the timing of onset of 
spring and snowmelt (Høye et al. 2008, Wipf et al. 2009), with consequences for 
the associated invertebrate community. Advanced plant growth as a consequence 
of earlier snowmelt in warm plots can provide invertebrates with more resources 
(Koltz et al. 2018), thus supporting a greater biomass of invertebrates. Although we 
did not observe any main effects of temperature on the abundance of invertebrates 
as a whole, such warming impacts can have disproportionate effects on certain 
groups of invertebrates (e.g. predators in Leingärtner et al. 2014). Unfortunately, 
we were unable to examine such vegetation-mediated effects of warming in tandem 
with quantifying the arthropod community, but given the potential interactions 
between the plant and invertebrate communities (see Sections 4.1. and 4.3.), they 
almost certainly play a role. For example, in an alpine study, plant-plant and plant-
invertebrate interactions drove responses of an invertebrate community to altered 
snow cover (Lord et al. 2018).

Despite this, both direct and plant-mediated warming effects on the 
invertebrate community can balance out as the season progresses. For example, 
a study in Svalbard indicated that spider abundance did not respond positively 
to increased vegetation cover at later catch dates (Dahl et al. 2018). Our results 
show that the effect of temperature on diversity became inverted at the peak of the 
active season (4th sampling point), suggesting that introduction of new species and 
changes in relative abundances underlie changes in community structure (Figure 
4). Biomass, on the other hand, showed great seasonal variability, driven by the 
positive effect of warming on biomass and abundance later in the season (Chapters 
I and II; Figure 4). Species which emerge early may benefit from warming by 
extending their period of activity (e.g. Bell et al. 2015), and increasing voltinism 
(see Forrest 2016 for review, Høye et al. 2020), contributing to the greater biomass 
and abundance later in the season. Moreover, cumulative degree-days, rather than 
temperature and/or date, may better predict arthropod abundance (Schekkerman 
et al. 2004, Bolduc et al. 2013).

The responses of individual species’ phenology to shifts in thermal seasons 
is dependent on their life-history strategies and physiology. Body mass was a 
good indicator of species’ occurrence throughout the season, with smaller species 
found at higher soil temperatures early in the season. This finding supports results 
from Chapter I (see Section 4.1.) that temperature shifts the size-structuring of 
communities, with warming favouring the small. Previous findings from Siberia 
also indicate emergence of smaller arthropods earlier in the season (Tulp & 
Schekkerman, 2008). As a consequence of species-specific phenological responses, 
climate warming may result in mismatches and altered synchronisation among 
interacting species (Høye et al. 2014, Thackerey et al. 2016, Kharouba et al. 2018), 
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and altered synchronisation has cascading effects on key ecosystem processes 
such as herbivory (van der Putten et al. 2010) and can either promote or hinder 
plant and herbivore fitness (van Asch et al. 2007, Post & Forchhammer 2007, 
Berg et al. 2008).
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4.3 How does soil temperature affect herbivory, 
and is this mediated by temperature effects on 
phenology? 

As indicated by findings from Chapters I and II, plant-invertebrate interactions 
may mediate many warming effects on communities. Consequences of declines in 
plant species diversity (as discussed in Section 4.1.), and seasonality of plant growth 
(as discussed in Section 4.2.), will impact associated invertebrate communities, 
especially herbivores (Zhou et al. 2015), given that plant and insect diversity are 
positively correlated (Van der Muren et al. 2003). Indeed, plant-mediated effects 
on invertebrates may be stronger than effects of temperature alone. The results 
reported in Chapter III indicate that increasing temperature strengthens plant-
invertebrate interactions. Our results show an overall increase in herbivory with 
increasing temperature at the community level (Figure 5), but this was underpinned 
by differential effects at the species level, including changes in the temperature 
dependence of herbivory at different development stages (Figure 6).

Herbivory is predicted to increase with climate warming, especially in high-
latitude ecosystems (see Silfver et al. 2020 and references therein). Temperature 
had a positive effect on epigeal herbivore abundance (Chapter IV), supporting our 
finding in Chapter III that community-level herbivory increased in warmer plots 
(Figure 5). This is in line with previous findings that warming (and consequently 
earlier snowmelt) increased herbivorous insect species richness and damage to key 
plant species in a long-term experiment (Roy et al. 2004). These trends have severe 
implications in terms of pest management under future climate change, especially 
as damage to plants by herbivores at their non-outbreak densities may increase 
substantially under climate warming (Wolf et al. 2008, Barrio et al. 2017). For 
example, birch forests historically affected by moth pests may be unable to recover 
due to the widened distribution and synchronisation of pest outbreaks that result 
from climate change (Jepsen et al. 2008, Klemola et al. 2006). Moreover, warming-
induced herbivory can dampen the positive effects of warming on plant growth 
and primary productivity in the Arctic (Post et al. 2009) and alter plant phenology 
(Lemoine et al. 2017) and community composition responses to temperature (Post 
& Pedersen 2008). Through plant-invertebrate feedback loops, herbivory-induced 
changes in vegetation community composition can also influence invertebrate 
feeding preferences (Loranger et al. 2013), with consequences for invertebrate 
fitness and resilience to climate change. 

Warming-induced herbivory may have disproportionate effects on certain 
plant groups and species, with cascading effects on these species’ resilience to 
climate change. For example, the positive effect of warming on Arctic shrub 
biomass can be negated by vertebrate herbivore grazing (Post & Pedersen 2008). 
Simultaneously, the negative effect of warming on graminoids (Myers-Smith et al. 



34

2011, Frost & Epstein 2014) can be reversed as a consequence of alleviated grazing 
pressure (Post & Pedersen 2008). In our study, invertebrate herbivory appeared 
to be dependent on host plant species, with warming increasing herbivory of C. 
pratensis, and decreasing herbivory of C. fontanum, possibly due to species’ specific 
defence mechanisms. The increase in community-level herbivory at our study site 
may have been driven by an increase in the percentage cover of forbs (Chapter III), 
and thus better food quality and availability in an environment largely dominated 
by bryophytes, although this trend was not consistent across years (Chapter IV). 
Moreover, as vegetation community composition did not appear to affect herbivory 
at the community level, it is likely that warming-induced herbivory is mediated 
by effects on a species level. 

Life history traits, morphology, and attack/defence mechanisms may govern 
warming impacts on herbivory (Bale et al. 2002, Boege & Marquis 2005). Organisms 
will be differentially susceptible to herbivory depending on their ontogeny (Yang 
& Rudolf 2009). For example, herbivory of Viola palustris showed contrasting 
responses to warming-induced herbivory dependent on the development stage of 
the plant (Figure 6), while C. pratensis and C. fontanum were more susceptible 
to herbivore damage at more advanced development stages (Chapter III). This is 
surprising considering that young plants generally have weaker defences against 
herbivory (Boege & Marquis 2005), although the nutritional quality of plants can 
also change with phenology (Kramberger & Klemenčič 2003). Overall, these results 
indicate that phenology plays an important role in mediating temperature effects 
on herbivory. Moreover, they suggest that warming-induced shifts in plant and 
herbivore phenology, and the strength of their interactions, may have cascading 
effects on primary productivity and ecosystem functioning. 

Phenological mismatches caused by warming effects on plant-invertebrate 
feedback loops (De Sassi et al. 2012) have severe implications for ecosystem 
functioning climate feedbacks. Herbivory can suppress gross primary production 
(Lopez-Blanco et al. 2017) and dampen the warming-induced ecosystem CO2 uptake 
potential (Silfver et al. 2020), with significant implications for biogeochemical 
cycling in the Arctic (see Section 4.4.). Herbivory mediates nutrient cycling 
in northern latitudes (Metcalfe et al. 2016), through bottom-up control of soil 
communities. Consequently, warming effects on ecosystem functioning are likely 
underpinned by linkages between aboveground and belowground communities 
(Wardle et al. 2004, Bardgett et al. 2008, Hadedorn et al. 2019, Pugnaire et al. 
2019).
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Figure 5. Temperature had a positive effect on the proportion of plants exhibiting damage by 
invertebrate herbivores at the community-level (y = 0.0065x + 0.1235; conditional r2 = 0.22; 
Chapter III; Warner et al. unpublished) 

Figure 6. The effects of temperature on herbivory at the species-level was dependent on phenology. 
Temperature effects are shown for Viola palustris at the (a) first (vegetative growth only), (b) 
middle (buds large, but closed), and (c) last (flowers starting to wilt) stage of development. V. 
palustris was more vulnerable to invertebrate herbivory in warm plots at early development stages, 
and in cold plots during late development stages (Chapter III; Warner et al. 2021).  
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4.4 To what extent does soil temperature control soil 
community structure and key soil processes, such 
as decomposition and N cycling, and plant biomass 
production?

The main focus of Chapter IV was to examine the soil processes which might 
underly the aboveground responses to temperature we observed in Chapters I–III. 
There we show that soil temperature structures plant and epigeal invertebrate 
communities, and although we hypothesised that temperature would also drive 
shifts in the community composition of soil organisms, with consequences for 
decomposition, N mineralisation and plant biomass production, this was not the 
case. Soil temperature had limited effects on the soil ecosystem, with soil organic 
matter (SOM) content largely explaining the spatial variation in the structure and 
functioning of belowground communities.

Belowground biodiversity plays a key role in shaping the structure and 
functioning of terrestrial ecosystems, due to its role in biogeochemical cycling 
and plant-soil feedback loops (Bardgett & van der Putten 2014). The soil food 
web at our study site did not appear to be structured by temperature, following 
previous results from northern soil systems (Lamb et al. 2011, Radujkovic et al. 
2018) which suggest that soil ecosystems are highly resistant to warming. Various 
plant-soil feedback mechanisms may moderate the direct effects of warming on 
temperature-sensitive carbon-cycle enzymes and microbial activity (Wallenstein 
et al. 2009, Koch et al. 2007). For example, a decrease in the quality of litter with 
warming, as a consequence of warming-induced changes in plant composition, 
may offset the positive warming effects on decomposition (Eliasson et al. 2005, 
Kirschbaum 2004). Resource quantity and quality may be stronger limiting factors 
on microbial communities than temperature in high-latitude environments (Stark 
2007, Weedon et al. 2011, Frey et al. 2013, Adamczyk et al. 2020). In support of 
this, we observed a lack of temperature effect on the microbial community, while 
SOM positively correlated with microbial biomass (Chapter IV). In the long-term, 
adaptation and/or acclimation of the microbial community to warming may also 
overcome strong short-term responses (Davidson & Janssens 2006, Bradford 
2013).

It is possible that the high redundancy of the microbial community (e.g. 
De Scally et al. 2016) means that although shifts in the structure and activity of 
the community occur with warming, microbial abundance remains constant (de 
Vries & Shade 2013). A recent meta-analysis revealed that warming enhanced 
N mineralisation, nitrification, and denitrification processes at the global scale 
(Dai et al. 2020). Warming appeared to elevate the activity of nitrifiers and the 
conversion of NH4 to NO3 at our study site, while higher SOM content promoted N 
mineralisation by soil microorganisms. Such changes in soil nutrient availability 
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precipitate effects on plant biomass production, benefiting shoot growth over root 
production (Chapter IV), and disproportionately benefiting certain plant groups 
such as graminoids (Chapters I, III, IV). It has been suggested that grasses, due 
to their high root plasticity, may be the most competitive under warming and 
increased nutrient turnover (Wang et al. 2016 and references therein). Changes 
in resource availability are likely to disproportionately affect high-latitude 
ecosystems, which are generally temperature and nutrient limited. Moreover, N 
cycling has implications for Arctic ecosystems in terms of whether it mitigates or 
amplifies climate warming (e.g. Altshuler et al. 2019) through increased production 
of N2O (an important greenhouse gas). However, this may also depend on other 
soil physiochemical properties such as moisture and habitat type (Li et al. 2019).

There appears to be a significant discrepancy in the responses of aboveground 
and belowground communities (Chapters I and IV). This dichotomy may be 
explained by differences in the ‘speed’ of food webs governing these habitats. 
For example, it has been suggested that food webs can be split into ‘fast’ and 
‘slow’ energy channels, which dictate the speed at which they cycle nutrients, 
and therefore their resistance to perturbations such as climate events (Rooney 
et al. 2006, Bardgett & Caruso 2020). Due to the longer generation times and 
slower transfer of energy aboveground compared with belowground, aboveground 
communities may be less resistant to abiotic change and the subsequent shifts 
in trophic structure. Although epigeal invertebrates, and even plants to a certain 
extent, are able to disperse or migrate to preferred areas, and as such, may be 
more responsive to temperature gradients, this high mobility coupled with longer 
generation times might also limit the extent to which they can adapt to abiotic 
changes. The distribution of belowground organisms on the other hand is restricted 
by soil microclimates and geochemistry, which vary on a very small spatial 
scale. Species distributions modelling of >1,500 taxa along an elevation gradient 
revealed that the direct influence of topoclimate was stronger on aboveground 
than belowground organisms (Mod et al. 2020). It seems important therefore 
to consider not only habitat heterogeneity, but also food web heterogeneity as 
important means to promote ecosystem resilience.
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5 CONCLUDING REMARKS

Although there is little that can be done to reverse current climate warming, 
understanding how it will impact the species and ecosystems on which all life 
depends, is important for being able to mitigate and adapt to climate change. 
Warming is occurring, and will continue to occur, regardless of which climate 
scenario is considered (Post et al. 2019). Even if climate warming were limited to 
1.4°C (as agreed in the 2018 International Panel on Climate Change (IPCC) Special 
Report) the impacts would continue long into the future (Nicholls et al. 2018). In 
the Arctic, extensive areas already exceed +3°C relative to a 1981–2010 baseline 
(Overland et al. 2015). As such, climate change policy must focus on increasing 
and managing the resilience of ecosystems to warming, which requires a solid 
understanding of ecosystem responses to warming (Boxes 3 and 4). Ecosystems, 
especially in the north, play an important role in climate change dynamics, and 
can therefore not only be vulnerable to climate warming, but also support the 
adaptation and resilience of human societies (Malhi et al. 2020).

Ecosystems show complex responses to climate warming. Despite a growing 
body of research, an understanding of the mechanisms underlying these responses, 
and the long-term implications for biodiversity loss and climate feedbacks, 
is still deficient. The results presented in this thesis contribute to the existing 
body of knowledge and suggest that despite warming effects on population- and 
community-level traits of northern ecosystems, ecosystem functioning effects of 
warming may not be as strong as hypothesised due to long-term adaptation to 
higher temperatures. Note: we cannot make predictions about the effects of other 
abiotic variables and climate change factors, which were not examined in this thesis. 
Synergistic effects of multiple drivers may increase the vulnerability of northern 
ecosystems to climate warming (Kröel-Dulay et al. 2015, Zscheischler et al. 2018). 

There will be winners and losers, but northern ecosystem processes can show 
great resilience to soil warming (Chapter IV). This, however, is not an excuse to 
ignore the issues of climate change. Instead, it would be important for policy makers 
to be aware of the huge divergence in climate responses and implement policies 
which work under such heterogeneity (see Schindler & Hilborn 2015 and Malhi 
et al. 2020). More research is needed on the genetics and traits of organisms and 
ecosystems that confer resilience to abiotic change, and on the possible critical 
thresholds beyond which entire ecosystems could shift to alternative states 
(Bardgett & Caruso 2020). Along with more traditional ecological monitoring and 
experimental data, such information will improve our ability to predict and manage 
future changes in our natural resources (for example, Arctic pollination networks, 
expansion of pests, global C dynamics), and develop constructive and informed 



39

conservation efforts by providing a solid base on which to design more directed 
research in the future. Effective conservation policies cannot be designed and 
implemented in the absence of scientific evidence, to which this thesis contributes.

Box 4. Ecological research and policy implications

Climate change is generally appreciated to represent an existential threat to us and 
the ecosystems on which we depend. Widespread local extinctions are occurring as a 
consequence of anthropogenic climate change (Román-Palacios & Wiens 2020, Warren 
et al. 2018), potentially triggering the collapse of entire ecosystems. The European 
Union’s 2020 Biodiversity Strategy calls for contributions to avert global biodiversity 
loss, specifically better protection of ecosystems (Herold et al. 2019), and the restoration 
of 15% of degraded ecosystems (Aichi Biodiversity Target 15; CBD 2020). However, 
without data on ‘what’ and ‘who’ forms these ecosystems, how do we know where this 
biodiversity loss is occurring and what is driving it? How do we go about both protecting 
ecosystems and adapting to the consequences? We cannot know what we have lost (and 
the consequences) if we do not know what was there to begin with. This is particularly 
important in terms of those species and ecosystems which are not immediately visible, 
for example in the soil, and which are still largely underrepresented in climate change 
research. 

It is up to the scientific community to provide the data necessary to implement these 
policies successfully. These data need to cover all levels of biological organisation, from 
genes to ecosystems. Because much uncertainty still surrounds the effects of climate 
change on networks of species’ interactions and ecosystems, policy makers need to know 
what to target with their often limited resources; are there keystone species or functional 
groups without which key ecosystems cannot survive into the future? Is diversity (in terms 
of species and habitats) the key to ecosystem stability? What are the key processes that 
might mitigate/reinforce climate warming, e.g. C cycling or the timing of snowmelt? Over 
what timescales and spatial scales are responses occurring? 

Because climate change may act over different temporal scales (short-term extreme 
weather events or long-term changes in warming and precipitation), these timescales 
need to be incorporated into research. All methods have benefits and limitations, so a 
combination of approaches is needed. For example, supplementing long-term ecological 
surveys with manipulative experiments, or using space-for-time substitutions (such as in 
this thesis) which can incorporate aspects of both. Additionally, identification of ecological 
thresholds and the range of climatic variation over which ecosystems transition to a 
different state, for example Arctic tundra being replaced with boreal forests (Feng et al. 
2012). Such scenarios are often non-linear, and irreversible, so prevention is better than 
restoration. 
 Policy directed at halting or mitigating the effects of climate change cannot be 
disarticulated from research that documents the current state of ecosystems (particularly 
the most vulnerable ones), the effects that climate change imposes on them, and the 
consequences of those effects. In short, what is measured stands a much better chance of 
being managed than what is not measured.
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