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SUMMARY

Understanding the consequences of past and future
climatic changes on biodiversity has become one of
the most important challenges of current ecological
research. Due to the fundamental importance of
climate for determining the distribution and abun-
dance of species, climatic changes have led to
strong shifts of species’ ranges to higher altitudes
and latitudes as well as to local changes in the phe-
nology and abundance of species during the last
decades. Nevertheless, most organisms are incapa-
ble of rapid responses to such changes as they are
constrained by, for instance, phylogenetic conserv-
atism in thermal adaptations and dispersal limita-
tions. Therefore, a mechanistic understanding of
the variation in functional traits of species is crucial
for predicting biological responses to climate
change. However, so far, most trait-based infer-
ences focused on endotherm taxa, whereas the
physiological processes shaping the diversity pat-
terns of ectothermic organisms, particularly of in-
sects, remain poorly understood. The overall objec-
tive of this PhD thesis is to investigate the im-
portance of interactions between environmental
factors and species’ functional traits across regions,
scales and taxa, to improve forecasts of the ecolog-
ical consequences of climate change as well as our
understanding of the ecological and evolutionary
processes that determine biogeographical patterns,
the range size and the abundance of insects.
Insects, like 99.9 % of the species on our
planet, are ectothermic organisms that in contrast
to endothermic organisms, mainly depend on ther-
mal energy from their environment for their activ-
ity and for maintaining vital physiological pro-
cesses. Ectotherms therefore evolved adaptations to
the temperature regime in which they live. From a
physiological perspective, strong arguments exist
that biophysical principles link variation in species’
colour lightness and body size to heat gain and loss
in endothermic animals. Larger species retain body
heat more efficiently than smaller species owing to
ratio, and

their lower surface-area-to-volume

darker coloured species heat up faster than lighter

coloured species because they absorb more solar ra-
diation. Other functions include enhanced immu-
nocompetence of larger species and enhanced path-
ogen resistance (Gloger’s rule) as well as UV pro-
tection of darker species. Mechanistic links be-
tween these two morphological traits, species’
physiology and climate are hence probably im-
portant determinants of variation in the distribu-
tion and abundance of ectotherm organisms, but
the limited availability of distributional and mor-
phological data has so far hampered a large-scale
perspective on the physiological processes that
shape biogeographical patterns in insects.

Constraints to the evolution of species’ mor-
phological traits and dispersal abilities can limit the
colonization of regions characterized by new cli-
mates or habitats and thereby influence geograph-
ical patterns in the phylogenetic diversity or geo-
graphical rarity of taxa. On the one hand, spatial
concentrations of rare species are important con-
servation targets, because they indicate the distri-
bution of species that are both particularly vulner-
able to extinction in the future and unique ele-
ments of biodiversity. On the other hand, overall
patterns of these facets of diversity provide infor-
mation about past dispersal events and the ecolog-
ical processes that shaped contemporary patterns of
biodiversity.

In six chapters of my thesis I investigate
whether biogeographical patterns of insect assem-
blages are driven by variation in the colour light-
ness and the body size. I show that melanin-based
thermoregulation, pathogen resistance and UV
protection are important mechanisms that influ-
ence the distribution of dragonflies, butterflies and
moths at both local and continental scales. In all
studies, species assemblages in cooler climates are
on average darker coloured than assemblages in
warmer climates. Furthermore, in line with the
prediction that darker colouration is advantageous
in regions with high humidity and in regions with
high solar radiation due to the protective functions
of melanin, colour lightness generally decreases



with increasing precipitation and insolation. Body
size clines are less strong and differ considerably
among the considered taxa. In addition, I demon-
strate that contrasting effects of the benefits and the
energetic costs of an investment into body size and
melanization on the range size and abundance of
butterfly species can offset each other when their
interactions with components of the energy budget
are not taken into account. Thus, larger and darker
butterfly species only have wider distributions and
are more abundant if they compensate the costs of
an investment into body size and melanization by
reducing mobility costs or increasing energy up-
take.

In three additional chapters, I investigate
whether evolutionary constraints on species’” ther-
mal adaptations and dispersal ability influence the
composition of insect assemblages and I assess the
extent to which diversity patterns of insects are
shaped by the contemporary climate and historical
climatic changes. Using European dragonflies, I
show that both phylogenetic conservatism of ther-
mal adaptations and dispersal limitations constrain
the recolonization of previously glaciated areas of
Europe, resulting in a decrease of the endemism
and phylogenetic diversity of assemblages with de-
creasing temperature and the increasing proportion
of species with a high dispersal ability. In addition,
I demonstrate that the climatic changes since the
Last Glacial Maximum are consistently major driv-
ers of the endemism and species richness of mam-
mals, birds, amphibians and dragonflies across Af-
rica. However, the results of this study also indicate
that the signatures of species’ responses to historical
climatic changes differ considerably between the
considered taxa and are currently less effectively
protected. Finally, using a group of flightless or-
thopterans endemic to Africa, I exemplify that the
diversity of this group, and probability most of the
insect diversity today found in the Eastern Arc

Mountain biodiversity hotspot, has been generated
by the interplay of humid periods that allowed the
spread of forest-bound lineages across Africa with
aridity-driven fragmentations of forests and their
associated faunas.

In conclusion, I demonstrate that both body
size and colour lightness are major determinants of
distribution and abundance of insects, across taxa,
regions and scales. Despite the significant contri-
butions of other functions of colour lightness, such
as pathogen resistance and UV protection, as well
as of the thermoregulatory function of body size,
melanin-based thermoregulation is the most im-
portant and a strikingly general mechanism that
shapes biogeographical patterns of insect. To un-
derstand and predict the effects of body size and
colour lightness on ecological dynamics of insect
species it is, however, crucial to account for their
interactions with components of the energy
budget, because the contrasting effects of an invest-
ment into body size, wing size and melanization on
the range size and abundance of species can partly
offset each other. Purely correlative approaches
that predict spatio-temporal variation in the distri-
bution and abundance of insect species based on
casily measured morphological traits are therefore
prone to false mechanistic conclusions and likely
underestimate the functional importance of mor-
phological traits. Furthermore, phylogenetic con-
servatism of thermal adaptations and dispersal lim-
itations affect trait-environment relationships and
species’ responses to historical climatic changes.

Together these results highlight the potential
of models that integrate morphological, climatic
and phylogenetic data for improving predictions of
species’ responses to climate change as well as our
understanding of the processes that generated and

maintain the remarkable diversity of insects on

Earth.



ZUSAMMENFASSUNG

Das Verstindnis der Auswirkungen vergangener
und zukiinftiger Klimaverinderungen auf die bio-
logische Vielfalt ist zu einer der wichtigsten Her-
ausforderungen der aktuellen okologischen For-
schung geworden. Aufgrund der fundamentalen
Bedeutung des Klimas fiir die Verbreitung und
Hiufigkeit von Arten, haben die Klimaverinde-
rungen der letzten Jahrzehnte zu erheblichen Ver-
schiebungen von Verbreitungsgebieten in hohere
Hoéhenlagen und geographische Breiten, sowie zu
lokalen Verinderungen der Phinologie und der
Hiufigkeit von Arten gefithrt. Allerdings sind die
meisten Organismen nicht in der Lage so schnell
auf diese Verinderungen zu reagieren, da sie bei-
spielsweise durch phylogenetischen Konservativis-
mus von thermalen Anpassungen und Ausbrei-
tungsvermogen eingeschrinkt sind. Deshalb ist ein
mechanistisches Verstindnis der Variation dieser
funktionellen Eigenschaften von Arten entschei-
dend fiir die Vorhersage biologischer Reaktionen
auf den Klimawandel. Bisher konzentrierten sich
jedoch die meisten auf Arteigenschaften basieren-
den Analysen auf endotherme Artengruppen, wo-
hingegen die physiologischen Prozesse, welche die
Diversititsmuster von ektothermen Organismen,
insbesondere von Insekten, formen, nur unzu-
reichend verstanden sind. Das tibergeordnete Ziel
dieser Promotion ist es, die Bedeutung von Inter-
aktionen zwischen Umweltfaktoren und funktio-
nellen Arteigenschaften tiber Regionen, Skalen und
Artengruppen hinweg zu untersuchen, um Progno-
sen der dkologischen Folgen des Klimawandels, so-
wie unser Verstindnis der 6kologischen und evolu-
tiondren Prozesse, die die biogeographischen Mus-
ter, die Verbreitungsgebietsgrofie und die Hiufig-
keit von Insekten bestimmen, zu verbessern.
Insekten sind wie 99,9 % der Arten auf unse-
rem Planeten ektotherme Organismen, die im Ge-
gensatz zu endothermen Organismen hauptsich-
lich von Wirmeenergie aus ihrer Umgebung ab-
hingen, um ihre Aktivitit und lebenswichtige phy-
siologische Prozesse aufrechtzuerhalten. Ekto-
therme Arten haben daher Anpassungen an das

Temperaturregime, in dem sie leben entwickelt.
Aus physiologischer Sicht gibt es stichhaltige Argu-
mente dafiir, dass die Variation der Farbhelligkeit
und Kérpergrofle von Arten an den Wirmegewinn
und -verlust bei ektothermen Tieren gekoppelt ist.
Grofere Arten speichern Korperwdrme aufgrund
ihres geringeren Oberfliche-Volumen-Verhiltnis-
ses effizienter als kleinere Arten und dunklere Ar-
ten erwirmen sich schneller als hellere, da sie mehr
Sonnenstrahlung absorbieren. Weitere Funktionen
sind die erhohte Immunkompetenz groflerer Arten
und die erhohte Resistenz gegen Krankheitserreger
(Gloger-Regel), sowie der erhdhte UV-Schutz
dunklerer Arten. Mechanistische Zusammenhinge
zwischen diesen beiden morphologischen Merk-
malen, der Physiologie der Arten und dem Klima,
sind daher wahrscheinlich wichtige Bestimmungs-
faktoren fur die Variation der Verbreitung und
Hiufigkeit von ektothermen Organismen. Die be-
grenzte Verflgbarkeit von Informationen zur Ver-
breitung und Morphologie hat jedoch bisher eine
umfassende Perspektive auf die physiologischen
Prozesse, welche biogeographische Muster der
Diversitit von Insekten formen, erschwert.

Auf morphologische Merkmale und die Aus-
breitungsfihigkeit von Arten einwirkende evoluti-
onire Zwinge konnen die Besiedlung von Regio-
nen einschrinken, die durch neue Klimazonen o-
der Lebensriume gekennzeichnet sind und
dadurch geographische Muster der phylogeneti-
schen oder geographischen Seltenheit von Arten-
gruppen becinflussen. Einerseits sind rdumliche
Hiufungen von seltenen Arten wichtige Schutz-
ziele, da sie auf die Verbreitung von Arten hinwei-
sen, die in Zukunft besonders vom Aussterben be-
droht sein werden und einzigartige Elemente der
Artenvielfalt darstellen. Andererseits liefern die Ge-
samtmuster dieser Facetten der Diversitit Informa-
tionen Uber vergangene Ausbreitungsereignisse
und die 8kologischen Prozesse, die die heutigen
Muster der biologischen Vielfalt geformt haben.

In sechs Kapiteln meiner Dissertation widme

ich mich der Frage, ob biogeographische Muster



von Insektengemeinschaften durch die Variation
der Farbhelligkeit und der Kérpergrofe von Arten
bedingt sind. Ich zeige, dass Melanin-basierte
Thermoregulation, Pathogenresistenz und UV-
Schutz wichtige Mechanismen sind, die die Ver-
breitung von Libellen, Schmetterlingen und
Nachtfaltern auf lokaler und kontinentaler Skala
beeinflussen. In allen Studien sind Artengemein-
schaften in kiihleren Klimazonen im Durchschnitt
dunkler als Artengemeinschaften in wirmeren Kli-
mazonen. Des Weiteren nimmt, entsprechend der
Vorhersage, dass eine dunklere Firbung in Regio-
nen mit hoher Luftfeuchtigkeit und in Regionen
mit hoher Sonnencinstrahlung aufgrund der
Schutzfunktionen von Melanin vorteilhaft ist, die
Farbhelligkeit im Allgemeinen mit zunehmendem
Niederschlag und zunehmender Sonneneinstrah-
lung ab. Der Einfluss von Korpergréflenunter-
schieden auf die geographische Verbreitung von
cktothermen Arten ist geringer und unterscheidet
sich deutlich zwischen den betrachteten Gruppen.
Zusitzlich zeige ich, dass sich die gegensitzlichen
Auswirkungen, der Vorteile und der Energickos-
ten, eines Investments in Koérpergrofie und Mela-
nisierung auf die Verbreitungsgebietsgrofie und
Hiufigkeit von Schmetterlingsarten ausgleichen
konnen, wenn ihre Wechselwirkungen mit Kom-
ponenten des Energichaushalts nicht beriicksich-
tigt werden. Groflere und dunklere Schmetter-
lingsarten weisen daher nur eine groflere Verbrei-
tung auf und sind hiufiger, wenn sie die Kosten
ciner Investition in Grofle und Melanisierung
durch Reduzierung der Mobilititskosten oder Er-
héhung der Energicaufnahme kompensieren.

In drei weiteren Kapiteln untersuche ich, ob
evolutionidr bedingte Einschrinkungen der ther-
malen Anpassungen und der Ausbreitungsfihigkeit
von Arten die Zusammensetzung von Insektenge-
meinschaften beeinflussen und inwieweit Diversi-
titsmuster von Insekten durch das aktuelle Klima
und historische Klimaverinderungen beeinflusst
werden. An europiischen Libellen zeige ich, dass
sowohl der phylogenetische Konservatismus ther-
maler Anpassungen als auch die Ausbreitungsbe-
Wiederbesiedlung

schrinkungen, die zZuvor

vergletscherter Gebiete in Europa einschrinken.
Dies fiithrt zu einer Abnahme des Endemismus und
der phylogenetischen Diversitit von Artengemein-
schaften mit abnehmender Temperatur und einem
zunehmenden Anteil von Arten mit einer hohen
Ausbreitungsfihigkeit. Zusitzlich zeige ich, dass
die Klimaverinderungen seit dem letzten glazialen
Maximum in der Tat durchweg wichtige Trieb-
krifte des Endemismus und der Artenvielfalt von
Sdugetieren, Végeln, Amphibien und Libellen in
Afrika sind. Die Ergebnisse dieser Studie zeigen je-
doch auch, dass sich die Reaktionen der Arten auf
historische Klimaverinderungen deutlich zwischen
Artengruppen unterscheiden und diese ausbrei-
tungsschwachen Arten derzeit weniger wirksam ge-
schiitzt werden. Schliefllich demonstriere ich be-
spielhaft anhand einer Gruppe flugunfihiger Heu-
schrecken, die in Afrika endemisch ist, dass die
Vielfalt dieser Gruppe und wahrscheinlich der
Groflteil der Insektenvielfalt, die heute im Bio-
diversitits-Hotspot der Eastern Arc Mountain zu
finden ist, durch das Zusammenspiel von humiden
Perioden, welche die Ausbreitung von an Wilder
gebunden evolutiondren Linien tiber Afrika hin-
weg ermdglichten, und von durch Trockenheit ver-
ursachte Fragmentierungen von Wildern, ent-
stand.

Zusammenfassend konnte ich zeigen, dass die
Korpergrofle und Farbhelligkeit von Arten maf3-
geblich die Verbreitung und Hiufigkeit von Insek-
ten iiber Artengruppen, Regionen und Skalen hin-
weg bestimmen. Trotz des Beitrags anderer Funk-
tionen der Farbhelligkeit, wie der Resistenz gegen
Krankheitserreger und des UV-Schutzes, sowie der
thermoregulatorischen Funktion der Korpergrofie,
war die thermoregulatorische Funktion der Kor-
perfarbe der wichtigste und ein auffallend allge-
meingiiltiger Mechanismus, der die biogeographi-
schen Muster von Insekten prigt. Um die Auswir-
kungen von Korpergrofle und Farbhelligkeit auf
die 6kologische Dynamik von Insekten zu verste-
hen und vorherzusagen, ist es jedoch entscheidend,
deren Wechselwirkungen mit Komponenten des
Energichaushaltes zu beriicksichtigen, da die ge-
gensitzlichen Auswirkungen eines Investments in



Korpergrofle, Fligelgrofle und Melanisierung auf
die Verbreitungsgebietsgrofie und Haufigkeit sich
teilweise gegenseitig ausgleichen. Rein korrelative
Ansitze zur Vorhersage von riumlich-zeitlichen
Schwankungen in der Verbreitung und Hiufigkeit
von Insektenarten auf der Grundlage von leicht zu
messenden morphologischen Merkmalen liefern
daher wahrscheinlich falsche Schlussfolgerungen
tiber die zugrunde liegenden Mechanismen und
unterschitzen die funktionelle Bedeutung von
morphologischen Eigenschaften. Dariiber hinaus
wirken sich phylogenetischer Konservatismus

thermaler Anpassungen und Ausbreitungsbe-
schrinkungen auf die Eigenschaft-Umwelt Bezie-
hungen und auf die Reaktionen der Arten auf his-
torische Klimaverinderungen aus.

Zusammen genommen heben diese Ergeb-
nisse das Potenzial hervor durch Modelle, welche
morphologische, klimatische und phylogenetische
Daten integrieren, Vorhersagen iiber die Reaktio-
nen der Arten auf den Klimawandel, sowie unser
Verstindnis der Prozesse, die die bemerkenswerte
Vielfalt der Insekten auf der Erde hervorgebracht
haben und erhalten, zu verbessern.
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1 General background

Determinants of biodiversity patterns can be
broadly divided into species’ responses to con-
temporary environmental conditions, biotic in-
teractions and historical factors (Ricklefs 2004).
Climate change and its interactions with other
threats, such as habitat conversion, has increased
the loss of biodiversity across the globe (Parme-
san and Yohe 2003, Hof et al. 2011, Scheffers et
al. 2016). Anthropogenic emission of greenhouse
gases has caused a rise of global temperatures by
approximately 1.0 °C above pre-industrial levels
and even the most optimistic climate scenarios
predict a further increase of global temperatures
by 1.0-1.9 °C on average until the year 2100 (rcp
2.6 or 4.5; IPCC Synthesis Report 2014). As cli-
mate is one of the most important determinants
of the distribution and abundance of taxa (Haw-
kins et al. 2003, Parmesan and Yohe 2003, Fran-
cis and Currie 2003, Hof et al. 2011), these
changes have led to strong shifts of species’
ranges to higher altitudes and latitudes as well as
to local changes in the phenology of species (e.g.
Parmesan and Yohe 2003). Nevertheless, many
species are incapable of such rapid responses as
they are constrained by the availability of their
hosts or prey (Hanspach et al. 2014), dispersal
limitations (Grewe et al. 2013) or phylogenetic
conservatism in functional traits (Parmesan et al.
1999, Dunn 2005, Parmesan 2006 and sources
therein, MacLean and Beissinger 2017).

A straightforward approach to understand

the processes underlying patterns in biodiversity

13

as well as biological responses to climate change
is to investigate species’ dispersal abilities and
functional traits that link the physiology of spe-
cies with their environment (Chown and Gaston
1999, Chown et al. 2004). In the last decades,
such trait-based inferences have been successfully
applied to assess the determinants of diversity
patterns of endotherm taxa (de los Rios et al.
2018) that are considered surrogates for the en-
tire faunal diversity (Clark and May 2002, but see
Darwall et al. 2011). However, the thermal sen-
sitivity of ectothermic organisms (~99.9 % of all
species on Earth; Atkinson and Sibly 1997), dif-
fers fundamentally from that of endothermic or-
ganisms (Angilletta 2009). In contrast to endo-
therms, ectotherms such as insects need to absorb
energy from their abiotic environment to reach
optimal body temperatures for development, re-
production and locomotion (Huey and King-
solver 1989; Gillooly ez a/. 2001, 2002) and these
physiological differences can lead to contrasting
biogeographical patterns as well as contrasting
responses of species to climate change (Angilletta
2009, Buckley et al. 2012 and sources therein).
Insects include over 50 % of all described
species on our planet and the ecological functions
of insects such as dung burial, decomposition,
pest control and pollination provide vital services
for humans. Alone for the United States, the an-
nual value of the regulating and provisioning ser-
vices delivered by insects is estimated to at least

57 billion US dollars (Losey and Vaughan 2006)



and crops in the value of 235-577 billion US dol-
lars are directly affected by pollinators globally
(IPBES 2016). However, despite the enormous
economic and ecological importance of insects,
we still largely lack an understanding of the pro-

cesses that shape diversity pattern in insects —

14

knowledge that is essential to assess the impact
of climate change and ultimately to guide effec-
tive biodiversity conservation (Balmford 1996,
Crozier 1997, Gillespie and Roderick 2002,
Buckley et al. 2010a).



2 Largescale patterns in physiological traits of insects

Analyses of large-scale patterns of interspecific
variation in physiological traits provide a power-
tul approach for elucidating the general processes
that shape biodiversity patterns, the implications
of evolutionary constraints of physiological traits
to the diversification of lineages (Gaston et al.
2008, Angilletta et al. 2010) and understanding
species’ responses to environmental change
(Buckley et al. 2010a, Angert et al. 2011, Buckley
and Kingsolver 2012). Such macrophysiological
inferences are based on the assumption that the
explanations for diversity patterns lie at low levels
of biological organisation, as functional traits in-
fluence fundamental physiological rates of indi-
viduals and populations, whereas the conse-
quences thereof play an important role in deter-
mining the whole-species phenotype and funda-
mental niche (Gaston and Blackburn 2000).
However, although strong argumentation for
mechanistic links between species’ physiological
traits and distributions exist from a theoretical
perspective, to what extent physiological pro-
cesses shape large-scale patterns of the insect di-
versity remains largely unexplored (Chown et al.
2004, Gaston et al. 2008, 2009).

Since the beginning of natural history, sci-
entists seek explanations for the remarkable mor-
phological diversity of animals and its variation
in space and time (Humboldt and Bonpland
1806, Bergmann 1848, Tillyard 1916, Kalmus
1941, Bogert 1949, Rapoport 1969). Two of the

most prominent morphological features of
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animals are their body size and their body colour-
ation. Both traits are of central importance for
several aspects of the life history and ecology of
species.

The body size of insect species influences
and, in turn, is influenced by most physiological,
life-history and ecological traits (Whitman 2008,
Chown and Gaston 2010). Examples include ef-
fects of body size on species’ resource use (Savage
et al. 2004, Davis et al. 2013), metabolic
(Gillooly et al. 2001) and development rate
(Gillooly et al. 2002), locomotion (Corben
1983), range size (McCulloch et al. 2016) and fe-
cundity (Honek 1993) as well as on rates of pop-
ulation growth (Sibly et al. 2005). The functions
of colouration in insects include intra- and inter-
specific signalling, camouflage, pathogens re-
sistance in humid climates (Gloger’s rule) and
protection against harmful ultraviolet-B radia-
tion (UV protection hypothesis) that causes ge-
netic damage (reviewed in Kalmus 1941 and
Roulin 2014).

Among their multiple functions, both body
size and colouration, particularly the colour
lightness (melanization), are curial for ther-
moregulation in ectothermic organisms and
therefore influence the distribution and perfor-
mance of species (Clusella-Trullas et al. 2007,
Chown and Gaston 2010). Large animals are hy-
pothesized to have an advantage over smaller an-
imals in colder environments as their lower sur-

face area-to-volume ratios reduce cooling rates



(e.g. Atkinson and Sibly 1997). Therefore, the
body size of animals often increases along gradi-
ents of decreasing temperature or increasing lati-
tude, a pattern known as Bergmann’s rule (Berg-
mann 1848). However, although the Bergmann’s
rule has received extensive support in endother-
mic organisms (Blackburn et al. 1999, Ashton
2002, Gaston et al. 2008), in ectothermic organ-
isms, and particularly in insects, large-scale pat-
terns of body size variation remain poorly studied
(Blanckenhorn and Demont 2004, Pincheira-
Donoso et al. 2008, Shelomi 2012).

The thermal advantage of melanization is
based on the biophysical principle that darker
coloured organisms have higher heating rates and
reach higher equilibrium temperatures than
lighter coloured organisms due to an enhanced
absorption of solar radiation (Watt 1968,
Willmer and Unwin 1981, Brakefield and
Willmer 1985, Kingsolver 1987, DeJong et al.
1996). In turn, higher reflectance of solar radia-
tion of light-coloured species reduces the risk of
overheating. Thereby colour-based heat gain in-
fluences the activity and performance of ecto-
therms (Willmer and Unwin 1981, Roland 1982,
Kingsolver and Wiernasz 1991, DeJong et al.
1996). This mechanism, which is conceptualised
in the thermal melanism hypothesis of Gates
(1980), is predicted to result in an increase of the
colour lightness of ectotherms (i.e. increasing
melanization) with increasing temperature (re-
viewed in Clusella-Trullas et al. 2007), but the
lack of estimates of species’ colour lightness has

so far hampered tests of this hypothesis at larger
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geographical scales.

The presumed role of morphological traits
for explaining the range size and abundance of
species stems from the idea that these traits in-
fluence the physiological performance of individ-
uals and the vital rates of populations (Brown et
al. 2004, Violle et al. 2007, White et al. 2007).
Nevertheless, current attempts to understand
how morphological traits, such as body size and
colour lightness, affect species’ ecological dynam-
ics often do not integrate components of the en-
ergy budget. Accounting for different energy al-
location strategies of species might be, however,
of critical importance as the benefits and ener-
getic costs of an investment into morphological
traits have contrasting effects on the distribution
and abundance of species that are otherwise ob-
scured. On the one hand, for instance, individuals
of larger and darker insect species often have a
higher fitness than those of smaller and lighter
coloured species due to the beneficial functions
of body size and melanization (Honék 1993,
Roff and Fairbairn 2013). On the other hand, the
investment into body size or melanization is en-
ergetically costly (Gillooly et al. 2001, Talloen et
al. 2004) and therefore negatively affects the fit-
ness of individuals (Kingsolver 1995, Roff and
Fairbairn 2013). Thus, larger and darker individ-
uals can either be advantaged as a result of rela-
tively high energy use efficiency (i.e. lower heat
loss and higher heat gain) or disadvantaged due
to their higher absolute energic costs (Blancken-
horn and Demont 2004, Schweiger and Beier-
kuhnlein 2015). In addition, the costs of an



investment into melanization have been found to
negatively affect larval growth (Talloen et al.
2004), while the thermal benefits of both traits
seem to positively interact (Clusella-Trullas et al.
2007 and sources therein, Schweiger and Beier-
kuhnlein 2015). The effects of morphological
traits on the range size and abundance of species
may therefore depend on species’ energy alloca-
tion strategies. For instance, species may com-
pensate the costs of an investment into body size
or melanization by increasing energy uptake or
allocating less energy to mobility (Boggs and
Freeman 2005, Boggs 2009). However, so far,
energy allocation strategies have been studied for
only a few species and mostly under laboratory
conditions (Hill and Pierce 1989, Buckley 2008,
Pélisson et al. 2013, Llandres et al. 2015), as it
lacks easily measured proxies for components of
the energy budget and a unifying framework that
would allow the integration of complex physio-
logical interactions. Moreover, to what extent
these strategies influence the distribution and
abundance of insects remains unexplored (Tam-

maru and Haukioja 1996, Stephens et al. 2009).
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In the first section of this thesis, I investigate
the mechanisms underlying body size and colour
lightness variation in insects. Specifically, I test
the predictions that the colour lightness of spe-
cies decreases with decreasing temperature (ther-
mal melanism hypothesis), increasing precipita-
tion (Gloger’s rule) and increasing solar radiation
(UV protection hypothesis), using North Amer-
ican and European dragonfly and butterfly as-
semblages. In addition, I investigate the drivers
of variation in the body size and colour lightness
of local dragonfly assemblages across Europe and
of local moth assemblages along an elevational
gradient. Furthermore, I assess the extent to
which body size and melanin affect the mobility
costs and energy uptake of species and how the
energy allocation strategies associated with these
traits ultimately influence the range size and
abundance of European butterfly species. Finally,
I briefly review recent support for geographical
patterns in colour lightness, recent methodolog-
ical developments in quantifying colour lightness
and I present promising future avenues for colour

lightness research.
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3 Historical factorsshaping the distribution of insects

Statistical correlations inferred from species rich-
ness patterns indicate that the contemporary cli-
mate is the most important determinant of spe-
cies’ distributions (Schall and Pianka 1978, Cur-
rie 1991, Hawkins et al. 2003, Francis and Currie
2003, Ricklefs 2004 and references therein).
However, according to the three most prominent
explanations for species richness patterns (spe-
cies-energy theory - Hutchinson 1959, Wright
1983; water-energy dynamics - O’Brien 1998,
2006, Hawkins et al. 2003; and metabolic theory
- Brown et al. 2004), for a given region the rela-
tionship between climate and species richness
should time-invariant. Hence, studies focusing
on species richness alone cannot account for the
evolutionary history of lineages and the signature
of biogeographical factors (e.g. Buckley et al.
2010b, Romdal et al. 2013), even though this
may carry important information on the pro-
cesses shaping biodiversity patterns (Ricklefs
2004).

Given their importance for determining the
climatic niches of insect species, constraints to
the evolution of body size and colour lightness
may have influenced the ability of species to cope
with historical climatic changes. The extent to
which the traits of closely related species resem-
ble each other (the phylogenetic signals of traits)
has gained increasing interest among ecologists,
partly because of its implications for the conser-
vation of biodiversity and partly because it allows

an understanding of how ancestral relationships
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influence contemporary biodiversity patterns
(Losos 2008). On the one hand, a phylogenetic
signal in functional traits can help to understand
why some clades are more sensitive to current
threats than others (Ricklefs 2004, Cadotte et al.
2010, Hof et al. 2010). On the other hand, pat-
terns of the phylogenetic diversity are surrogates
for the functional diversity and evolutionary his-
tory of a given species set relative to the regional
species pool (Losos 2008, Cadotte et al. 2010).
Identifying centres of phylogenetic diversity is
therefore of great interest for guiding strategic
biodiversity conservation (Faith 1992, Ricketts
2001, Jetz et al. 2004, Lee and Jetz 2008, Fritz
and Rahbek 2012). In addition, overall patterns
of phylogenetic diversity provide information
about the ecological and evolutionary processes
that shaped biodiversity patterns (Losos 2008,
Cadotte et al. 2010, Hawkins et al. 2012, Fritz
and Rahbek 2012). Whereas a random phyloge-
netic composition of species assemblages com-
pared to the regional species pool points to neu-
tral processes, phylogenetic over-dispersion indi-
cates competitive interactions, high rates of im-
migration/speciation or low rates of extinction
and under-dispersion indicates environmental
filtering of clades (Hubbell 2001, Cavender-
Bares et al. 2009). If, for instance, the thermal
adaptations of a given taxon of tropical origin
carry a strong phylogenetic signal, only a few
tunctionally and phylogenetically similar lineages

would have been able to colonize areas with



colder climates due to environmental filtering
(c.f. Buckley et al. 2010b).

While physiological traits define the climate
in which species can live, their dispersal abilities
in combination with geographical barriers deter-
mine how much of the potential climatic niche is
occupied. Statistically strong relationships high-
light that temperature, precipitation and produc-
tivity are the most important drivers patterns in
species richness across taxa and regions, but these
correlations often leave a large part of the varia-
tion in species richness unexplained (typically be-
tween 10 % and 60 %, see e.g. Waide et al. 1999,
Hawkins et al. 2003, Hillebrand 2004). This re-
sidual variance is thought to mainly reflect the
signature of historical factors. Thus, while nega-
tive deviations typically highlight regions where
only a few species have been able to cope with
high historical climatic changes, positive devia-
tions tend to cluster in regions where historical
climatic stability favoured the persistence of spe-
cies over time (historical climate-stability hy-
pothesis - Stephens and Wiens 2003, Wiens and
Donoghue 2004, Jetz et al. 2004, Aradjo et al.
2008, Davies et al. 2009).

The most important differences in species’
abilities and propensities to disperse are related
to the stability of their respective habitat. In gen-
eral, species adapted to spatially and temporally
stable habitats have lower dispersal abilities than
species adapted to less stable habitats (South-
wood 1977). Freshwaters provide an ideal model
system to test the predictions of this concept
known the

as ‘habitat-stability-dispersal
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hypothesis’. In the northern hemisphere, lentic
water bodies (e.g. ditches and lakes) are ephem-
eral and date back to the Pleistocene, whereas the
locations of lotic waters (e.g. rivers and streams)
that carry water throughout the year have re-
mained largely unaltered since the Mesozoic
(Bohle, 1995). Therefore, species adapted to len-
tic waters have evolved a suit of adaptations (syn-
dromes) to cope with climatic changes, including
long-distance migration (Corbet 2004, p. 385) as
well as a greater dispersal ability compared to lo-
tic species (Arribas et al. 2012, Hjalmarsson et al.
2015). These trait syndromes have been shown
to modify recent responses of lentic and lotic spe-
cies to climate change (Hof et al. 2012, Grewe et
al. 2013) as well as their phylogeography (Marten
et al. 2006, Abellin et al. 2009). However, lentic
species may not only have an advantage over lotic
species regarding the colonization of, and persis-
tence in, habitats with lower seasonal stability,
but potentially also in areas with lower historical
climate stability.

In the second section of this thesis, I inves-
tigate whether environmental filtering of thermal
adaptations and differences in the dispersal abil-
ity of species have shaped diversity patterns in in-
sects and I assess the extent to which these pat-
terns are driven by the climatic changes over his-
torical and evolutionary time scales. Using Euro-
pean dragonflies, I investigate whether phyloge-
netic conservatism of thermal adaptations and
dispersal limitations constrained the recoloniza-
tion of previously glaciated areas, resulting in a

decrease of the endemism and phylogenetic



diversity of assemblages with a decreasing tem-
perature and an increasing proportion of species
with a high dispersal ability (i.e. lentic species).
In another article, I assess the extent to which the
climatic changes since the Last Glacial Maxi-
mum drive the endemism and species richness
patterns of mammals, birds, amphibians and
dragonflies across Africa. Furthermore, I identify

hotspots of the signature of historical climatic
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changes underlying the diversity patterns of these
four taxa and I assess the coverage of diversity
hotspots by established protected areas. Finally, I
investigate the role of climatically induced frag-
mentations and reconnections of the tropical rain
forest of Africa during the last 30 million years
for the diversification and phylogeography of an
endemic group of flightless Orthoptera.
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4 Qutline

Largescale patterns in
physiological traits of insects

Manuscript 6.1.1 is the extension of my bachelor
thesis on the geographical patterns in colour
lightness of North American dragonfly assem-
blages, to Europe. Despite differences in the
strength of colour lightness-environment rela-
tionships that could be attributed to the higher
proportion of tropical lineages, the results of this
study suggested that colour-based thermoregula-
tion as well as the protective functions of melanin
are mechanisms of general importance for shap-
ing biogeographical patterns in insects. This con-
clusion was underlined by the results of another
study on the butterflies of North America and
Europe (manuscript 6.1.2), by the local scale pat-
terns of moth and dragonfly assemblages across
Europe (manuscript 6.1.3 and manuscript 6.1.4)
and by recent studies on ant and yeast assem-
blages at the global scale (Bishop et al. 2016,
Cordero et al. 2018). Together these publications
have reinvigorated a physiological perspective on
the biogeography of ectotherms. Owing to my
contribution to understanding the role of colour-
based thermoregulation in ectotherms, I have
been invited to author a dispatch in Current Bi-
ology (manuscript 6.1.5), in which I briefly review
current evidence in the context of the findings of
Cordero et al. (2018) and present promising av-
enues for future research on thermal melanism.
This article received a lot of attention among bi-

ologist world-wide and let to several ongoing

25

collaborations on the evolution of colour light-
ness in ectotherms. Manuscript 6.1.3 and manu-
script 6.1.4 highlight that the predictions of both
the thermal melanism hypothesis and the Berg-
mann’s rule (sensu lato) hold for local moth and
dragonfly assemblages, but also that the dispersal
abilities and thermal niche breath of species can
modify these trait-environment relationships.
The last study of this section (manuscript 6.1.6),
shows how an investment into body size or
melanization influences the distribution and
abundance insects. In this study, I present two
innovative proxies for the mobility costs and en-
ergy uptake of butterflies and I show that these
traits mediate the effects of morphological traits
on species’ ecological dynamics. The results
highlight that ignoring the energy allocation
strategies of species can lead to both false conclu-
sions about the mechanisms underlying popula-
tion dynamics and an underestimation of the
functional significance of morphological traits
because their contrasting effects partly offset each

other.

Historical factorsshaping the
distribution of insects

The findings of my previous studies that geo-
graphical patterns in the body size and colour
lightness of insects are strongly influenced by a
phylogenetic signal in these traits and that the
underlying trait-environment relationships differ

between species with a high and low dispersal



ability, inspired me to investigate whether envi-
ronmental filtering of thermal adaptations and
dispersal limitations shaped the contemporary
diversity patterns of insects. In manuscript 6.2.1,
which is largely based on my master thesis, I con-
structed the first fully resolved molecular phylog-
eny of an entire insect taxon and continent based
on nine different loci to investigate the evolu-
tionary and ecological processes that shape the
diversity of dragonfly communities across Eu-
rope. The results of this study support the long-
standing, yet hitherto unexplored, hypothesis
that thermal niche conservatism and dispersal
limitations allowed only a few closely related
dragonfly lineages to colonize temperate climates
and particularly areas in Europe that were unsuit-
able at the Last Glacial Maximum. In a follow-
up article (manuscript 6.2.2), I show that the cli-
matic stability during the last 21 thousand years
is consistently a major driver of patterns in the
endemism and species richness of mammals,
birds, amphibians and dragonflies. However, 1
also demonstrate that the responses to historical
climate stability differ among the four considered

taxa and that the diversity hotspots resulting
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from a high historical climatic stability are cur-
rently less effectively protected. In manuscript
6.2.3, I studied how climatic fluctuations influ-
enced the diversification and phylogeography of
a group of flightless orthopterans endemic to Af-
rica over evolutionary scales of time. The results
of this study exemplify that the remarkable diver-
sity of insects today found in the Eastern Arc
Mountain biodiversity hotspot probably has been
generated by the interplay between aridity-driven
isolations and humid periods that allowed the

spread of forest-bound lineages across Africa.

One direct follow-up on my articles (6.1.1, 6.1.3
and 6.2.1) is a project on the “Functional-phylo-
genetic diversity in African and European fresh-
water systems” (German Research Foundation,
project number: 409487552). Furthermore, dur-
ing my PhD I conducted several research visits
and participated in workshops, which resulted in
manuscripts that broadly deal with macroecolog-
ical approaches, land use change and dragonfly
systematics. These manuscripts are presented in

the section “Other manuscripts”.
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Abstract

Dark-coloured ectotherms absorb energy from the environment at higher rates than light-
coloured ectotherms. The thermal melanism hypothesis (TMH) states that this physical
mechanism links the colour lightness of the body surfaces of ectotherms to their thermal
environment and hence to their geographical distribution. Studies on different insect taxa in
Europe found support for this prediction of the TMH. However, whether these results hold
also for other biogeographical regions remains unclear. Here, we quantify and map the colour
lightness of dragonfly species in North America and directly compare our results to previously
published findings for Europe. We estimated the colour lightness of 152 North American
dragonfly species from published illustrations, compiled their distribution data from the
literature and combined all these data with six biologically relevant environmental variables.
We evaluated the importance of phylogenetic autocorrelation for the spatial variation of
mean colour lightness of dragonfly assemblages (grid cells of approximately 50 km x 50 km
size) by repeating all analyses also for the phylogenetically predicted component of the colour
lightness of species and the species-specific deviation from this prediction. We also accounted
for spatial autocorrelation with autoregressive error models. All statistical approaches showed
that dragonfly assemblages from both continents consistently tended to be darker coloured
in regions with cold climates and lighter coloured in regions with warm climates. Regression
slopes, however, were significantly less steep, and the amount of variance explained by
environmental variables was lower for North America than for Europe. Our results highlight
the importance of colour lightness for the distribution of dragonfly species, but they also
indicate that idiosyncrasies of the continents modify the general pattern.

INTRODUCTION

Climate, particularly temperature and rainfall, is the most important driver of the distribution and
abundance of organisms (Currie and Paquin 1987, Hawkins et al. 2003, Willig et al. 2003, Davies et
al. 2007, Dunn et al. 2009). However, the sensitivity to climatic conditions differs fundamentally
between endothermic and ectothermic organisms (see e.g. Buckley et al. 2012). In contrast to
endotherms, ectotherms need to absorb energy from their abiotic environment to reach their thermal
optimum (Huey and Kingsolver 1989). Consequently, given the importance of ectotherm body
temperature for physiological rates (e.g. metabolic and development rate; Gillooly ez a/. 2001, 2002)
and for locomotion (Huey and Kingsolver 1989), ectotherms are sensitive to the temperature regime
in which they live. Heat gain and loss depends on morphological traits (e.g. body size, skin reflectance;
Gates 1980) as well as physiological and behavioural traits (e.g. posture, movement between shaded
and sunny microhabitats; May 1976, Chown et al. 2002). Therefore, those traits involved in the
regulation of body temperature of ectotherms should vary along with the temperature regime of the
habitat of the species.

Associations between biological traits of animals and temperature are well documented (e.g.

Clusella-Trullas et al. 2007, Chown and Gaston 2008). For example, recently we have shown that the
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mean lightness of wing or body colour of assemblages of butterflies and dragonflies decreases with
decreasing environmental temperature across Europe (Zeuss et al. 2014, see also Schweiger and
Beierkuhnlein 2015). This was interpreted to be consistent with the thermal melanism hypothesis
(TMH, sensu Clusella-Trullas et al. 2007; also known as the Bogert’s rule, Bogert 1949), which states
that in regions with low temperatures, darker coloured ectotherms have an advantage over lighter
coloured ectotherms because they absorb more solar irradiance (Gates 1980), which leads to higher

heating rates and equilibrium temperatures (Kalmus 1941, Watt 1968). By contrast, species inhabiting
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