Aalborg Universitet AALBORG

UNIVERSITY

Stress Responses and Candidate Gene Expression Investigated Across Species and
Ecosystems in the Field

Noer, Natasja Krog

DOl (link to publication from Publisher):
10.54337/aau510736737

Publication date:
2022

Document Version
Publisher's PDF, also known as Version of record

Link to publication from Aalborg University

Citation for published version (APA):
Noer, N. K. (2022). Stress Responses and Candidate Gene Expression Investigated Across Species and
Ecosystems in the Field. Aalborg Universitetsforlag. https://doi.org/10.54337/aau510736737

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

- Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
- You may not further distribute the material or use it for any profit-making activity or commercial gain
- You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at von@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

Downloaded from vbn.aau.dk on: December 05, 2025


https://doi.org/10.54337/aau510736737
https://vbn.aau.dk/en/publications/dc2c4706-e522-49d1-b314-616f09b71b4d
https://doi.org/10.54337/aau510736737




STRESS RESPONSES AND
CANDIDATE GENE EXPRESSION
INVESTIGATED ACROSS SPECIES

AND ECOSYSTEMS IN THE FIELD

BY
NATASJA KROG NOER

DISSERTATION SUBMITTED 2022

((¢

AALBORG UNIVERSITY
DENMARK






STRESS RESPONSES AND
CANDIDATE GENE EXPRESSION
INVESTIGATED ACROSS SPECIES
AND ECOSYSTEMS IN THE FIELD

PHD THESIS
BY

NATASJA KROG NOER

DEPARTMENT OF CHEMISTRY AND BIOSCIENCE
FACULTY OF ENGINEERING AND SCIENCE

AALBORG UNIVERSITY

Dissertation submitted 2022

«

AALBORG UNIVERSITY
DENMARK



Dissertation submitted: 31-08-2022

PhD supervisor: Professor Torsten Nygaard Kristensen
Aalborg University

Assistant PhD supervisor:  Associate Professor Simon Bahrndorff
Aalborg University

PhD committee: Associate Professor Simone Daniela Langhans (chair)
Aalborg University, Denmark

Professor, Dr. Klaus Fischer,
University of Koblenz-Landau, Germany

Associate Professor Nicholas M. Teets,
University of Kentucky, USA

PhD Series: Faculty of Engineering and Science, Aalborg University
Department: Department of Chemistry and Bioscience

ISSN (online): 2446-1636
ISBN (online): 978-87-7573-837-3

Published by:

Aalborg University Press
Kroghstrade 3

DK — 9220 Aalborg @
Phone: +45 99407140
aauf@forlag.aau.dk
forlag.aau.dk

© Copyright: Natasja Krog Noer

Credits: In-text photographs or figures by Natasja Krog Noer unless stated otherwise
Front/back cover photo: Nysius groenlandicus by Simon Bahrndorff

Printed in Denmark by Stibo Complete, 2022



PREFACE

This thesis represents the final product (PART B) of four years of PhD study at the
Department of Chemistry and Bioscience, Aalborg University, Denmark. It consists
of the second part of an integrated PhD (4+4) based on work from September 2020 to
August 2022. The final product is a revised and elaborated version of the first part
(PART A) of the integrated PhD from the period September 2018 to August 2020.
The thesis, PART B, consists of two segments: The first is an introduction to the
background, state-of-the-art, discussion of current work, and emphasis on the future
work perspectives. The second part will include three accepted papers, a submitted
paper under editorial assessment, and the preliminary results from a planned paper.
Finally, several co-authored papers have been listed in the appendix. These papers and
projects are the principal products of my thesis.

It is important for me to stress that I consequently use the I’ form when describing
our results in the introduction. However, all work in this thesis is the results of
contributions and fruitful collaboration between all involved collaborators.

Natasja Krog Noer
Aalborg, August 2022
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ENGLISH SUMMARY

The recurring theme of this thesis is the ability of insects to cope with variable
environmental conditions by phenotypic plasticity. Species are continuously exposed
to changes in abiotic factors in nature. The ability to respond to variable environmental
conditions depends on phenotypic plasticity and evolutionary adaptation to the local
environment. With global change, the intensity and frequency of extreme and
unpredictable temperature fluctuations will increase. How insects cope with these
changes and the interaction with other abiotic and biotic factors in nature is largely
unknown. Currently, most work on thermal adaptation has been done using laboratory
studies on model-organisms under strictly controlled conditions potentially with little
ecological relevance. The common denominator for the work during my PhD was the
use of ecologically relevant environmental conditions to examine the capacity for
phenotypic plasticity to buffer the detrimental impacts of variable and occasionally
stressful temperatures on insects adapted to habitats characterized by diverse temporal
temperature heterogeneity. First, I provide an overview of the research field in the
Introduction followed by four papers and additional results.

In PAPER 1, I examined the extent to which thermal plasticity to daily field
temperature variation occurs in 12 insect species from temperate and tropical regions.
High levels of plasticity in heat tolerance were found across all the tested species, but
the magnitude and direction of the plastic response was species- and sex-specific.
Generally, the temperature at the collection time was a strong driver of plastic
adjustments in HKDT in temperate insects, but the environmental factors driving
plastic change in tropical species were less obvious. This highlighted the importance
of considering species thermoregulatory behavior, microhabitat scale climate
variables, and local adaptation in order to understand future responses of species to
increasing variable environments. These findings have implications for the
classification of species vulnerabilities based on predictive models and call for a better
understanding of heat tolerance and plasticity in species in nature, especially species
inhabiting regions most impacted by climate change.

In PAPER 11, I synthesized existing knowledge on terrestrial polar and subpolar
arthropods’ sensitivity to high and increasing temperatures and extended this
knowledge with own data. The review of published studies and our own data revealed
a large gap in knowledge on plasticity and the importance of evolutionary adaptation
to periodically high and increasing temperatures in polar regions. This lack of
information obstructs predictions on the consequences of warming temperatures on
polar ecosystems. Analysis of the available estimates on upper critical temperature
(CTmax) showed extensive variation in CTmax and the underlying mechanisms of heat
tolerance which suggests that fine-scale spatial adaptation to microhabitat drive
differences in heat tolerance. I argue that the highly variable thermal conditions in
arctic/subarctic environments provide a unique opportunity to disentangle effects of
thermal regime on heat tolerance, plasticity and evolutionary adaptation to
temperature changes.
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In PART A (the midterm exam product for the 4+4 PhD study), I presented results
showing that a subarctic arthropod, Nysius groenlandicus, was able to induce an
extremely fast and strong plastic response to high temperature exposure. These results
led me to use this species to examine underlying mechanisms of thermal tolerance
plasticity in PAPER III and PAPER VI. First, I showed that N. groenlandicus
females responded to immediate changes in environmental temperature and tracks
their ambient environment by plasticity. Second, in PAPER III I showed that
physiological responses to heat, but less so cold, are visible at the transcriptomic level
when gradually exposed to high and low temperature in the laboratory. High
temperature exposures led to induction of the heat shock response and increased
transcription of vitellogenins (essential for oocyte growth). The induction of these
(and other) transcript in the field occurred at much lower temperatures compared to
what was seen in the laboratory. This stressed the importance of validating the
ecologically relevance of gene expression patterns found in laboratory studies. In
addition, I showed that individuals collected at the most extreme time points
(highest/lowest field temperatures, though relatively benign) were enriched for
transcripts related to translation, cellular respiration, and metabolism, suggesting that
energetic demands are challenged at extreme temperature variations. In PAPER IV,
I showed that environmental temperatures had a big impact on metabolite composition
of field collected individuals. Especially exposure to cold field temperatures resonated
in the metabolite profiles showing increased levels of multiple sugars across all
timepoints subsequent to low night temperatures. Sugars have been associated with
increased cold tolerance through stabilizing and colligative features, and the observed
daily effects of temperatures cold tolerance could be explained by this mechanism.
Finally, hourly differences in metabolic intermediates and amino acids complemented
RNAseq profiles from PAPER III suggesting that the species face energetic
challenges when temperatures fluctuate over large temperature spans.

Last, I present data from an ongoing Drosophila melanogaster study investigating the
quantitative genetic basis of diurnal variation in heat tolerance and locomotor activity.
Preliminary results suggest time and temperature specific genetic architectures of the
investigated traits suggesting potentially strong impact of increasing future
temperature variability on the evolutionary trajectories of these traits.

In summary, this thesis investigated the extent and rate of phenotypic plastic
adjustments in various thermal tolerance measures and the physiological
modifications and genetic architecture that facilitates such responses in insect species
in nature.
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DANSK RESUME

Det gennemgaende tema i denne afhandling er arters evne til at overkomme varierende
mikroklimatiske miljeforhold via feenotypisk plasticitet. Arter udsettes kontinuert for
@ndringer 1 abiotiske faktorer i naturen. Evnen til at tilpasse sig til variable
miljefaktorer athaenger af fenotypisk plasticitet og evolutionar tilpasning til det
lokale milje. Som felge af klimaforandringerne forventes hyppigere og mere intense
og uforudsigelige temperaturekstremer. Hvordan arter handterer disse andringer i
temperaturregimer og interaktioner med andre miljofaktorer i stadig uvist. Hidtil har
de fleste studier som beskeftiger sig med organismers tilpasning til
temperaturendringer varet udfert i laboratoriet ved brug sékaldte “model-arter” under
steerkt kontrollerede forhold som ikke er sarligt naturtro. Denne athandling
underseger de fysiologiske mekanismer som ligger bag tilpasning til variable og, til
tider, stressfulde temperaturer, samt plastiske responser til variable temperaturer pa
tveers af arter tilherende forskellige taxa og en ”ikke-modelart” i sit naturlige miljo.
Dette inkluderer en undersogelse af omfanget og hastigheden af fenotypisk tilpasning
i adskillige mal for temperaturtolerance og de fysiologiske modifikationer som
faciliterer disse responser. I denne athandling giver jeg forst et overblik over
forskningsfeltet i introduktionen efterfulgt af fire artikler samt supplerende resultater
fra et igangvarende projekt.

I ARTIKEL I underseges omfanget af plastisk tilpasning i temperaturtolerance til
daglig temperaturvariation i 12 insektarter fra tempererede og tropiske egne. De
plastiske responser var kraftige pa tvers af alle arterne, men storrelse og retning pa
responserne var arts- og kensspecifikke. Generelt var temperaturen ved
indsamlingstidspunktet vigtig for kortids-justeringer i varmetolerance i temperere
arter, men miljofaktorerne som drev @ndringer i varmetolerance for tropiske arter var
mindre tydelige. Det markerede vigtigheden af at overveje adferdsmedieret
temperaturregulering, lokal tilpasning til mikrohabitater og evolution af plasticitet for
at forsta arters responser til eget temperaturvariabilitet i fremtiden. Disse resultater
har implikationer for hvordan vi klassificerer arters sarbarhed baseret pé pradiktive
modeller og kraver at vi gger vores forstielse for varmetolerance af plasticitet i arter
i naturen, iser for arter som lever i de regioner der er mest pavirket af
klimaforandringer.

I ARTIKEL II syntetiserede jeg eksisterende viden pé terrestriske polare og
subpolare leddyrs sensitivitet til hgje og stigende temperaturer, og udvidede denne
viden med empiri fra egne studier. Syntesen af de publicerede studier og vores eget
data afslerede en stor mangel pad viden omkring plasticitet og vigtigheden af
evolutioner tilpasning til periodisk hgje og stigende temperaturer. Denne mangel pa
information betyder, at vores evne til at forudsige konsekvenserne af stigende
temperaturer pd polare gkosystemer er utilstraekkelig. Analyse af de tilgengelige
estimater pa gvre kritiske temperaturer (CTmax) Vviste at der er massive forskelle i
varmetolerance og de underliggende mekanismer bag disse, hvilket antyder at finskala
rummelig tilpasning til mikrohabitater driver disse forskelle. Jeg argumenterede for at



de kraftigt varierende temperaturforhold i arktiske/subarktiske miljoer byder pa
unikke muligheder for at skelne mellem effekter af temperaturgennemsnit, -
fluktuationer og -ekstremer pa varmetolerance, plasticitet og evolutionar tilpasning
til temperaturaendringer.

I DEL A (produktet af midtvejseksamen for 4+4 PhD ordningen) prasenterede jeg
resultater som viste at det subarktiske insekt, Nysius groenlandicus, var i stand til at
inducere en ekstremt hurtigt og sterk plastisk respons ved pra-eksponering til en
stressende varm temperatur. Disse resultater ledte mig til at bruge denne art til at
undersege de underliggende mekanismer bag plastisk regulering af
temperaturtolerancer i ARTIKEL III og ARTIKEL IV. Forst viste jeg at M.
groenlandicus hunner gjeblikkeligt eendrede deres tolerance til temperaturaendringer
og felger disse via kontinuer plasticitet. Derefter viste jeg i ARTIKEL III at
fysiologiske responser til varme, men i mindre grad kulde, er synlige pa transkriptom-
niveau, nér individerne udsettes for gradvis stigende eller faldende temperaturer
under kontrollerede laboratorieforhold. Hgje temperaturer medferte induktion af den
traditionelle varmechok-respons og eget mangde vitellogenin-transkripter (som er
essentielle for oocyt-vakst). Temperaturen som niveauet af disse gen-transkripter
(samt andre varme-inducerede transkripter) blev gget ved var betydeligt lavere i felten
sammenlignet med laboratoriet. Dette understreger vigtigheden af at validere
resultater fra laboratorieeksperimenter i felten i den naturlige ekologiske kontekst.
Yderligere fandt jeg at individer indsamlet fra felten under de mest ekstreme
temperaturforhold (hgjeste/laveste temperaturer, trods disse var relativt milde) var
beriget for gen-transkripter som var relateret til translation, celluleer respiration og
metabolisme, hvilket papeger at energikravet var udfordret under disse miljgforhold.
I ARTIKEL 1V viste jeg, at temperaturen i mikromiljeet havde en stor indflydelse pa
metabolitindholdet i individerne, og iser kolde nattemperaturer resonerede i
metabolitprofilerne i form af egede niveauer af sukkerstoffer pa tveer af alle
testtidspunkter pa den efterfalgende dag. Sukkerstoffer er blevet associeret med oget
kuldetolerance gennem stabiliserende og kolligative egenskaber, og de observerede
daglige forskelle i kuldetolerance kan muligvis tilskrives disse funktioner. Forskelle i
niveauet af mellemprodukter fra metabolisme og aminosyrer pd timelig basis
understettede transkriptom-profilerne fra ARTIKEL III, hvilken antydede at arter er
udfordret pa energikrav nar de udsettes for store temperatureudsving.

Sidst praesenterer jeg resultater fra et igangvarende Drosophila melanogaster studie
som undersgger den kvantitativt genetiske basis bag daglig variation i varmetolerance
og aktivitetsniveauer. De forelgbige resultater indikerer tids- og temperaturspecifik
genetisk arkitektur af de undersegte egenskaber, hvilket kan betyde potentielt staerke
pavirkninger af den stigende temperaturvariabilitet pa evolutionare udfald af disse
egenskaber.

Opsummeret undersegger denne afhandling omfanget og hastigheden af fenotypisk
plasticitet i forskelle mal for temperaturtolerance, og de fysiologiske modifikationer
samt den genetiske arkitektur som faciliterer disse responser i insektarter i naturen.
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INTRODUCTION

INTERPLAY BETWEEN ARTHROPODS AND THE THERMAL
ENVIRONMENT

Terrestrial organisms, including invertebrates and plants, are particularly sensitive to
changes in their thermal environment because of the direct link between their
physiology and the ambient temperature (Huey and Kingsolver, 1989; Angilletta,
2009; Rodrigues et al., 2021). Temperature partly determines metabolic rates and
cellular activity, which affect fitness and life history of the organism with
consequences at the community and ecosystem levels (Helmuth et al., 2005; Sinclair
et al., 2016). Hence, as the thermal environment varies on multiple spatial and
temporal scales, the success of populations depends on the ability of individuals to
anticipate and compensate for these changes within and / or across generations. In the
absence of a proper phenotypic response to an abiotic stressor, or in the presence of a
maladaptive response, a reduction in fitness can be measured which is referred to as
“environmental stress” (Hoffmann and Parsons, 1991; Chevin and Hoffmann, 2017).
Adjustment of the phenotype to meet environmental stressors can occur across
generations by rapid transgenerational effects (1-10 generations) and by slower
evolutionary adaption changing the genetic constitution of the population, or within
the lifetime of the organism by phenotypic plasticity (Hoffmann and Sgro, 2011;
Kristensen et al., 2020).

Species are continually exposed to fast changes in the environment on a short-term
scale. Changes can occur on the scale of minutes to hours, such as the daily cyclic
temperatures, or in a matter of days to months, including day-to-day temperature
variation and strong seasonal temperature gradients. When encountered with severe
short-term temperature changes, populations must respond through adaptive
physiological, behavioral, or morphological adjustments (Hoffmann and Sgro, 2011).
Such responses are termed phenotypic plasticity and defined as the ability of a
genotype to produce different phenotypes when encountering distinctive
environmental conditions (Scheiner, 1993; West-Eberhard, 2003). The phenotypic
change can be induced by exposure to short-term, sub-lethal conditions referred to as
“hardening” or “conditioning”, or a longer-term exposure to non-lethal conditions
experienced in the environment referred to as “acclimatization” or “acclimation”
(Loeschcke and Hoffmann, 2002; Colinet and Hoffmann, 2012; Teets and Denlinger,
2013). These short-term responses can modulate traits strongly and thus affect
survival to environmental stress or allow individuals to track and optimize their
phenotypic performance with the diel and seasonal changes in the environment
(Angilletta, 2009). On the long-term scale, anthropogenic climate change has caused
temperatures to rise by ~1°C globally since pre-industrial times and this has been
linked to observed shifts in species distribution and declines (Parmesan and Yohe,
2003; Lister and Garcia, 2018; Halsch et al., 2021). The rise in mean temperatures is
projected to continue accompanied by more frequent, severe and prolonged events of
extreme high temperatures (Easterling et al., 2000; Schir et al., 2004; Perkins et al.,



2012; Diffenbaugh and Field, 2013). In isolated populations that are unable to track
the most suitable habitat in space, evolutionary adaptation is thus necessary to
maintain high fitness or performance in the changing environment (Chevin and
Hoffmann, 2017). Even though there are examples of rapid evolutionary adaptation
occurring both in the field and in controlled environments at ecological timescales
(reviewed by Hairston et al., 2005; Carroll et al., 2007), there is also evidence for slow
and constrained evolution of populations to high temperatures and concomitant
environmental changes, and thus limits to genetic responses to global change (e.g.
Kellermann et al., 2009, 2012b, 2012a; Kelly et al., 2012; Araujo et al., 2013; Schou
et al., 2014; Kristensen et al., 2015). Evolutionary responses depend, among others,
on the amount of additive genetic variation present in populations, genetic correlations
and linkage between traits, and interplay with other evolutionary forces (drift, gene
flow, mutation etc.) (Frankham et al., 2004; Davis et al., 2005). In addition, because
evolution occurs across generations it also depends on the development/generation
time of the species. This can be problematic for some taxa and populations as
generation time can last for several years as discussed in PAPER 1II, often in regions
affected by high rates of warming compared to the global mean such as the Arctic.
Phenotypic plasticity of temperature tolerance is in this context often highlighted as
crucial for coping with increasing mean and variability in temperatures in future
climates (Serensen et al., 2016a). Hence, phenotypic plasticity will serve as the major
focal point of this thesis.

STUDYING ENVIRONMENTAL STRESS IN THE FACE OF
CLIMATE CHALLENGES

A central goal for ecological physiologists has been to understand the evolutionary
and plastic adaptation of organisms to harsh and changing climates. With human-
induced climate change, this knowledge on temperature-trait interactions has proven
valuable for generating evolutionary and predictive models that can forecast
organismal responses to global change (Kearney and Porter, 2009). The standard
methodology for evaluating ecological consequences of temperature change has been
to measure the performance of biological rates or fitness (enzyme kinetics, metabolic
rate, locomotion, reproductive output etc.) of individuals as a function of body
temperature (Tg). This relationship is described by Thermal Performance Curves
(TPC, Figure 1) and is normally based on performance measured across a range of
constant acute or chronic temperatures (Kingsolver and Buckley, 2017; Ma et al.,
2021). Further, the measurements are generally limited to few taxa, often Drosophila
spp., with short reproductive lifecycles and minimal requirements for maintenance
(Chown et al., 2010; Huey et al., 2012). The TPC for traits generally take a universal
shape where the performance rate rises slowly with temperature until reaching an
optimum (T,p) followed by a rapid drop. This non-linear and asymmetrical curve is
only optimized at a short range of temperatures and performance delimited by the
critical thermal minima (CTmin) and critical thermal maxima (CTmax).
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Figure 1: Performance curve of an ectotherm as a function of body temperature. The
temperature at which performance is maximized (Pmax) is termed the optimum body
temperature (Top). The critical temperatures are the points at which performance is
zero and defines the limits of the tolerance zone. Performance breadth is the
temperature range where performance is above an arbitrary threshold, typically 80—
90% (Angilletta, 2009).

Both natural selection and phenotypic plasticity can shape performance curves in a
variety of ways: shifting the curve along the x-axis thereby adjusting Top to the new
conditions; changing the performance breadth allowing performance over wider or
narrower range of environments; or changing the height of the curve thereby
maximizing performance (Schulte et al., 2011; Serensen et al., 2016a). This
knowledge on plastic and evolutionary impact on thermal performance is crucial for
understanding species ability to cope with current and future climatic scenarios.
However, there are several problems with this way of measuring and interpreting
thermal performances. First, temperatures in nature are not static and an increasing
number of studies show that thermal variability interacts with mean temperatures in
their impact on thermal performance (Fischer et al., 2011; Colinet et al., 2015;
Vézquez et al., 2017). In PART A, I used three taxonomically distinct species
(Arabidopsis thaliana, Drosophila melanogaster, and Orchesella cincta) to
demonstrate that fluctuating temperatures within a non-stressful thermal range will
benefit thermal performance compared to constant temperature acclimation due to
Jensen’s inequality (Noer et al., 2020; APPENDIX A). Briefly, this theory describes
how the temperature mean interact with fluctuations because the TPC is left-skewed



and Top is closer to the upper threshold for performance. This means that at low mean
temperature, the gain from fluctuation towards Ty will be disproportionately high
because of the steep increase of the performance curve. Contrary, if the mean
temperature is around Top or higher, then the net gain of fluctuations will be negative,
because performance quickly declines when temperatures surpass Top (Ruel and
Ayres, 1999; Vasseur et al., 2014; Colinet et al., 2015). In our study, the theoretical
consideration held true for two species, D. melanogaster and A thaliana. These
experienced a significant increase in the survival proportion after exposure to lethal
temperature stress compared to individuals acclimated to constant temperatures with
the same mean temperature. Several empirical studies have examined this relationship
between temperature mean and variability for thermal adaptation in different traits
including growth rate, development time, reproduction (Siddiqui and Barlow, 1972;
Brakefield and Kesbeke, 1997; Pétavy et al., 2004; Kingsolver et al., 2009, 2015;
Fischer et al., 2011; Cavieres et al., 2018), and stress resistance (Bozinovic et al.,
2011; Manenti et al., 2014, 2017; Boher et al., 2016; Serensen et al., 2016b; Salachan
and Serensen, 2017). These have shown that the effect of thermal fluctuations will
depend on the properties of the thermal regime (mean, amplitude, duration, etc.), the
interaction with other environmental factors, and the thermal sensitivity of the traits
measured. Therefore, it is important to study the combined effects of variability and
averages to increase our understanding of adaptation to variable environments
(Kingsolver et al., 2015). However, the impact of thermal fluctuations can be even
more complex as also shown by other studies (Terblanche et al., 2010; Bozinovic et
al., 2011; Vasseur et al., 2014). This was substantiated by our own results, that found
no effect of temperature fluctuations for the last species, O. cincta (Noer et al., 2020,
Appendix A). I hypothesized that the local adaptation to their microhabitat and the
behavioral thermoregulatory ability of the three species determined the outcome of
acclimation. Plants and fly pupal stages have low capacity to buffer short-term
changes in temperature using behavior and they may therefore be subject to a higher
selection pressure for plasticity (Stevenson, 1985; Huey et al., 2002; Huey and
Tewksbury, 2009). Contrary to these findings, the springtail, O. cincta, which occupy
a buffered and invariable environment showed little phenotypic adjustments to
fluctuating temperatures. It is therefore important to test theoretical considerations in
non-model species systems.

Another complication that arises from constant temperature acclimation is that
mismatches in responses can be a consequence of either lowered performance at
constant temperature due to thermal stress from the chronic exposure or due to
beneficial acclimation during the chronic exposure. For instance, Niehaus et al. 2012
showed that empirical models based on constant rearing temperature of the frog
Limnodynastes peronii poorly predicted performance of growth and development at
fluctuating temperatures and that this could be explained by chronic stress from
rearing at constant temperatures. This underpins that methodological procedures
affect the outcome of temperature treatments on performance. There is an infinite
number of possible combinations of treatments to examine plastic capacity including
different acclimation/hardening temperatures, exposure times, recovery times, assays,
traits etc. The outcome of these treatments can differ substantially, especially when



considered in concert with other abiotic or biotic stressors. Unfortunately, logistics
often limit the number of feasible treatments to include in experiments. Estimates of
plastic scope are therefore often based on few acclimation/hardening temperatures or
exposure times in a single stressor experimental setup (Chown et al., 2009; Rezende
et al.,, 2014; Pintor et al., 2016). Consequently, the choice of treatments must be
considered carefully, and results be interpreted with caution to avoid misleading
conclusions on ecological and evolutionary outcomes (Serensen et al., 2016a;
Salachan et al., 2019). Likewise should the choice of assay reflect the research
question investigated. For instance, using 10 Drosophila species we showed that
dynamic heat ramping assays better separate species differences in heat tolerance,
whereas static heat knockdown assays better disclose subtle differences in heat
tolerances due to acclimation (Bak et al. 2020, Appendix A). All of the
abovementioned complications suggest that results obtained under constant laboratory
conditions may not reflect the situation in natural systems and limit the usage of data
from laboratory studies to make prediction to the field. This, is supported by an
increasing amount of evidence from field studies implying that laboratory results on
thermal plastic adaptation can be misleading to findings under natural conditions (e.g.
Brakefield and Kesbeke, 1997; Koveos, 2001; Kelty, 2007; Loeschcke and Hoffmann,
2007; Kristensen et al., 2008; Overgaard and Serensen, 2008; Schou et al., 2015;
Gleason et al., 2017; Jensen et al., 2019). In this thesis, I focus on addressing the latter
concerns, hence I wanted to understand the extent of and the temporal scale at which
acclimatization and hardening occurs in species in their natural environments, if we
can generalize these thermal plasticity patterns across taxa, and provide an ecological
context for these observations. Further, I aimed at improving our understanding of the
underlying basis behind field-based plastic responses.

PLASTICITY IN REAL TIME

In PAPER I, I examined the extent to which thermal plasticity to daily temperature
variation occurs in non-model insect populations in temperate and tropical regions.
This was examined by collecting individuals from the field belonging to a range
species with either temperate or tropical origin followed by immediate test for heat
knockdown time. The collection and thermal assessment proceeded over multiple
days and time points within days for each species. Common for this paper, and all
papers presented as part of my thesis, is the emphasis on the ecological relevance of
the experimental designs. The field experiments are designed to test the effects of
temperature variation on performance at multiple timescales in the ecological context
that the species are realizing. Hence, the plastic responses to temperature variation
were measured as they are shaped by the interaction with multiple abiotic (soil
moisture, humidity, light etc.) and biological (food availability, competition,
predation, behavior etc.) factors (Sinclair et al. 2016). Some of these factors are known
to impact thermal performance either in isolation or in concert with each other (e.g.
Coulson and Bale, 1991; Holmstrup et al., 2002; Benoit et al., 2009; Fischer et al.,
2010, 2014; Bubliy et al., 2012, 2013; Sinclair et al., 2013; Chidawanyika et al., 2017).
Other factors, which currently do not represent stressors, could become so when



experienced in combination with other factors, because the cost of mounting the
response to one stressor might compromise the ability to cope with additional stressors
(Schulte et al. 2014). These considerations should stress the importance of
supplementing laboratory investigations on thermal performance with examinations
in the natural environments of the species.

In PAPER 1, the original idea was threefold. First, I wanted to examine the extent of
plastic thermal adaptation in the field as a response to natural environmental variation.
This was partly to investigate the plastic ability of a range of non-model species to
confirm the importance of plasticity in nature, and partly to examine how the impact
of natural acclimatization and hardening affects thermal tolerances to provide an
ecological context of plastic responses. Second, I investigated what climate variables
that are important for inducing plastic responses in heat tolerance and the temporal
scale of induction. This should enable a better understanding of time needed to induce
acclimatization and hardening responses in laboratory studies. Third, I wanted to
examine differences in plastic scope related to species origin to get an idea as to
whether adaptation to variable environments results in more plastic phenotypes
(discussed in section on adaptation to variable environments).

The results from PAPER I suggested that high levels of plasticity in heat tolerance
occurred within and across days for all species, no matter the region of origin. All
species showed some sort of plastic environmental tracking and continually adjusted
their heat tolerance, most often in a quadratic shape throughout the days similar to the
course of daily temperature variation. From laboratory experiments we know that
short-term exposures to environmental stress can induce such rapid adaptive
hardening responses that can alter thermal tolerances to reduce injury from potentially
lethal stress (Bowler, 2005; Terblanche et al., 2007; Sgro et al., 2016). However, our
results suggest that plastic adjustment is a continuous process in nature, which might
help insect optimizing performance at the various temperatures encountered
throughout the day. Sublethal temperature stress is seemingly not required to induce
rapid responses, instead temperature likely interact with other environmental or
biological factors (mentioned above) to contribute to these daily patterns of heat
tolerance adjustments.

This continuous process was however not only affected by both short-term (test time)
changes in abiotic/biotic conditions, but in interaction with long-term (test day)
changes for many of the tested species. The use of single or few laboratory treatments
to examine the scope for plasticity in heat tolerance could therefore be misleading to
findings in nature. Using the same field sampling approach, I also showed a significant
effect of sampling time and day on both heat and cold tolerances in the arctic bug
Nysius groenlandicus in PAPER IV. The temperature immediately prior to sampling
individuals from the field was correlated with heat and cold tolerances, but this
relationship was not evident for male bugs when the data was corrected for daily
temperature in PAPER III. Thus, acclimatization and hardening effects should be
considered together in order to understand the full scope for plasticity. It is however
important to note that the full potential for plasticity might not have been uncovered
for the individual species in these studies because only a small range of the
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environmental conditions that the species face in their habitat was investigated.
Likewise, the studies only subjected the individuals to temperatures within the current
climate and limits our ability to make predictions of responses to future climates.

In an attempt to pinpoint the climatic variables of importance and temporal scale at
which they impact on heat tolerance in PAPER I, I showed that association between
heat tolerance and climatic variables is very complex. The magnitude and direction of
correlations between temperature or humidity with heat tolerances were species- and
sex-specific. Generally, the mean temperature at the collection time was a strong
driver of plasticity in temperate insects, but the environmental factors driving plastic
change in tropical species were less obvious. However, it seemed that the impact of
humidity was especially important for tropical species, which has been shown in other
studies as well (e.g. Kellermann et al., 2009; Fischer et al., 2014; Fischer and Kirste,
2018; Gigante et al., 2021). As for temperate species, | found a strong impact of mean
temperature at the collection time for the arctic N. groenlandicus in PAPER 1, 111
and IV. There has generally been a lack of strong association between the abiotic
environment and heat tolerances in literature. Several studies have argued that this is
because insects utilize fine-scale habitat temperature variation for optimizing
performance, which disconnect their thermal biology from the coarse resolution of the
climatic variables typically measured (Potter et al., 2013; Gutiérrez-Pesquera et al.,
2016; Pincebourde et al., 2016). Though I endeavored to measure the microhabitat
temperature in PAPER 1, IIT and IV with dataloggers placed just above the soil
surfaces, some studies are pointing to extreme microscale temperature heterogeneity,
such as 12°C temperature gradient on apple leaves, which is exploited by some species
(Pincebourde and Suppo, 2016; Pincebourde et al., 2016; Pincebourde and Casas,
2019; Poitou et al., 2021). Exploiting extreme microclimatic variation could be of
high importance for tropical species living in highly biodiverse environments where
niches are readily occupied by competing species. Thus, it is plausible that
thermoregulatory behavior at extreme microspatial scale account for the large daily
plastic responses in tropical species but disconnect these from ambient air
temperatures.

The results from PAPER I have implications for the way that we model and predict
species range shifts and vulnerabilities with climate change. Hence, in order to
improve the accuracy of predictive models, we need to consider fine-scale
environmental variation and phenotypic plasticity. While such data on heat tolerance
and plasticity is available for a large number of temperate species in Europe and North
America, almost no data exist on species f