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It is interesting to contemplate an entangled bank, clothed
with many plants of many kinds, with birds singing on the
bushes, with various insects flitting about, and with worms
crawling through the damp earth, and to reflect that these
elaborately constructed forms, so different from each other,
and dependent on each other in so complex a manner, have all
been produced by laws acting around us.

Charles Darwin

La naturaleza que me gusta definir como el tapiz de la vida, del
que formamos parte, que nos entreteje y nos atraviesa. Y esto
no es simplemente una frase poética. [...] Digo que el tapiz de
la vida nos entreteje y nos atraviesa porque eso es lo que indica
la mds completa y actualizada evidencia cientifica. La
naturaleza es fundamentalmente relaciones, es un construir y
moler y rehacer siempre con los mismos materiales. Todas las
personas que estamos aqui, y también los bacalaos, los tigres,
las lombrices, los tomates que languidecen en el supermercado
y las levaduras que levantan el pan, estamos hechos con los
mismos dtomos que se vienen tejiendo y destejiendo y
retejiendo desde hace millones de afos.

Sandra Diaz

En résumé, c’est un puzzle de centaines de millions de données
différentes. Non pas une science hypothéticodéductive comme
le disaient les philosophes dautrefois. C’est une science
d’assemblage de données multiples, dont la solidité est
analogue a celle d’un tapis tissé de mille fils.

Bruno Latour
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Abstract

Insects are in the warp and weft of the fabric of life on which we rely. Consti-
tuting 10% of animal biomass, insects play vital roles in ecological functions within
terrestrial and freshwater ecosystems worldwide. However, many insect popula-
tions are experiencing declines, jeopardizing their significant contributions to both
nature and human societies. These declines are primarily attributed to shifting land
uses, habitat loss, agricultural intensification, and, as an increasingly influential fac-
tor, climate change.

Decades of research on the impact of climate change on insects have revealed
that their responses are multifaceted, influenced by a complex interplay of processes
across various scales. However, existing predictive models often overlook the un-
derlying climatic and ecological processes that shape insect exposure and sensitiv-
ity. These models frequently aggregate climatic data on broad spatiotemporal scales
that do not accurately reflect insects’ climatic experiences, which are more tightly
linked to the conditions measured in their microhabitats and host plants.

The objective of this thesis is to build more realistic predictive models that
depict the current and future impacts of climate change on a well-known insect
species —the green-veined white butterfly, Pieris napi— in the Mediterranean re-
gion. These models will be grounded in fundamental physiological and demo-
graphic processes, as well as climatic variations at relevant scales.

The initial chapters (Chapters 2 — 4) entail a combination of intensive field
monitoring and experimental methodologies to characterise . nap:’s microclimatic
exposure and the dynamics of their host plants across diverse populations. Ad-
ditionally, I examine various phenotypic, physiological, and phenological traits of
the butterly species that determine their susceptibility to climate variations. Find-
ings indicate that, in the northeast of the Iberian Peninsula, 2. zapi populations
are predominantly influenced by summer drought. This region showcases a geo-
graphical mosaic of populations experiencing growth, stability, and decline. No-
tably, mid-elevation populations, that are not in decline, encounter more moder-
ate and buffered microclimates than their lowland, declining counterparts. More-
over, these populations have continuous access to fresh host plants, unlike the low-
land locations, where host plants wither in early summer and regenerate only in
late summer. Consequently, declining lowland populations confront a period of
food scarcity driven by summer climatic conditions. Wing size of P. nap: shows a
marked reduction during summer only in the declining populations, serving as an
effective phenotypic biomarker of the different population vulnerability to sum-
mer impacts. Empirical observations highlight that the decline of certain 2. nap:
populations stems from intricate interactions between the butterflies’ physiological
responses to microclimatic thermal exposure and the scarcity of host plants induced

by drought.

In the subsequent chapters (Chapters 4 and s), I employ the empirically col-
lected data to parameterise two process-based models. These models aim to fore-
cast the physiological and demographic responses of P. napi in the context of cur-
rent and future climate change, facilitating the assessment of the contribution of
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each identified process in shaping the species’ responses. The first model employs
the species’ experimentally estimated thermal tolerance to compute heat-induced
mortality in response to fluctuating microclimatic temperatures recorded in the
field. Mortality rates caused by extreme thermal stresses are relatively low in declin-
ing lowland populations of P. napi, despite their limited access to microclimatic
buftering. In contrast, a closely-related species, . rapae, experiences much higher
predicted thermal mortality due to its preference for adjacent open microhabitats
characterised by extreme temperatures and microclimatic amplification processes.
These outcomes underscore the pivotal role microclimatic mosaics and microhab-
itat choices play in mitigating the impacts of climate change on insects.

The data from previous empirical work are then utilized to build a matrix pop-
ulation model. This second model integrates P. nap:’s vital rates across its life cy-
cle, considering the effects of extreme microclimatic heat exposure and drought-
induced scarcity of host plants on larval mortality and pupation. The model ini-
tially simulates present-day regimes of microclimatic heat extremes, drought, and
their concurrent action (i.e. extreme hot-dry compound events). Results indicate
that the existing declines in certain P. napi populations are primarily driven by
drought-induced eftects on host plants, corroborating prior field observations and
highlighting the critical role indirect processes play in mediating insect responses to
climate change. Subsequently, the model forecasts future regimes of extreme events
under increasing global warming levels. These future scenarios anticipate a rise in
the frequency of currently low-likelihood high-impact events relative to more mod-
erate and recurrent extremes. Due to the nonlinear relationship between tempera-
ture and heat-induced mortality, simulations predict that under a global warming
trajectory not aligned with the Paris Agreement, these low-probability, high-impact
heat events will trigger more extensive and severe declines in P. zapi populations.
This effect could potentially surpass the impact of drought-induced plant scarcity.

In conclusion, this thesis underscores the value of employing process-based
models that leverage field and experimental data to predict insect responses to cli-
mate change. The predictive models developed herein unravel the core underly-
ing processes identified in empirical studies and quantify their individual and com-
bined influences. Furthermore, these process-based models unveil an overlooked
threat to insect populations: the disproportional escalation of low-likelihood high-
impact extreme heat events. The generalizability of the thesis’ findings and the util-
ity of process-based models are subsequently discussed and contrasted with more
commonly used correlative and coarse-grained approaches, which would not have
been able to project the nonlinear impacts of these extraordinary events.
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Resum en catala

Els insectes constitueixen I'ordit i la trama del tapis de la vida del qual depenem. Rep-
resentant el 10% de la biomassa animal, els insectes juguen rols vitals en el funcionament
dels ecosistemes terrestres i d’aigua dolca arreu del mén. Tot i aixi, moltes poblacions
d’insectes estan en declivi, fet que posa en perill les seves contribucions significatives a la
natura i a les societats humans. Aquests declivis s’atribueixen principalment als canvis re-
cents en els usos del sol, la perdua d’habitats, la intensificacié agricola i, de manera cada
cop més important, el canvi climatic.

Decades de recerca sobre els impactes del canvi climatic en els insectes han revelat
que les seves respostes sén polifacetiques i estan influenciades per un entramat complex
de processos a diverses escales. Tot i aix{, els models predictius existents solen ometre
els processos ecologics i climatics subjacents que modulen la seva exposici6 i sensibilitat
climatiques. A part, aquests models sovint agreguen les dades climatiques a escales espa-
ciotemporals massa grans per a reflectir acuradament l'experi¢ncia climatica dels insectes,
la qual estd més estretament lligada a les condicions mesurades en els seus microhabitats
i plantes hoste.

L'objectiu d’aquesta tesi es construir models predictius més realistes que il-lustrin els
impactes actuals i futurs del canvi climatic sobre una especie d’insecte molt coneguda —la
blanqueta perfumada, Pieris napi— ala regié Mediterrania. Aquests models es bastiran
sobre processos fisiologics i demografics fonamentals, aixi com sobre variacié climatica
mesurada a escales rellevants.

Els capitols inicials (Capitols 2—4) combinen metodologies tant de mostreig intensiu
a camp com d’experimentacié per a caracteritzar I'exposicié microclimatica de la P. napi
i la dinamica de les seves plantes hoste en diverses poblacions. A més a més, en aquests
capitols també examino la variacié de trets fenotipics, fisiologics i fenologics de especie
determinants de la seva susceptibilitat climatica. Els resultats indiquen que, al nord-est de
la Peninsula Ibérica, les poblacions de P. naps estan predominantment influenciades perla
sequera estival. Aquesta regié presenta un mosaic geografic de poblacions en creixement,
estables i en declivi. Notablement, les poblacions de muntanya mitjana, que no estan de-
clivi, tenen a 'abast microclimes més moderats i tamponats que les poblacions reculants
de terra baixa. A més a més, les primeres tenen accés continu a plantes hoste fresques, a
diferencia dels indrets de terra baixa, on les plantes hoste es marceixen a principis d’estiu
i no es regeneren fins a finals d’estiu. En conseqiiéncia, les poblacions en declivi de terra
baixa s'enfronten a un periode d’escassetat d’aliments regulat per les condicions clima-
tiques estivals. La mida alar de la P nap:i també mostra una reduccié marcada durant
lestiu només a les poblacions estivals, fet que la converteix en un biomarcador fenotipic
efectiu de la diferent vulnerabilitat que mostren les poblacions als impactes estivals. Aixi
doncs, les observacions empiriques remarquen que el declivi d’algunes poblacions de 2.
napi resulta d’interaccions complexes i intricades entre les respostes fisiologiques de les pa-
pallones a I'exposicié termica microclimatica i l'escassetat de plantes hoste que la sequera
provoca.




En els capitols subseqiients (Capitols 4 i 5), utilitzo les dades recollides empiricament
per a parametritzar dos models basats en processos. Aquests models tenen per objectiu
predir les respostes fisiologiques i demografiques de la 2. napi en el context actual i futur
de canvi climatic, i aixi facilitar la valoracié de la contribucié de cada procés identificat en
la modulacié de les respostes de I'especie. El primer model utilitza la tolerancia termica
estimada experimentalment per a computar la mortalitat induida per altes temperatures
en resposta a les temperatures fluctuants mesurades el camp a escala microclimatica. Les
taxes de mortalitat causades pels estressos téermics extrems son relativament baixes a les
poblacions de terra baixa en declivi de 2. napi, tot i el seu accés limitat a 'amortiment mi-
croclimatic. En canvi, una especie propera filogeneticament, la . rapae, experimenta una
mortalitat termica més elevada a causa de la seva preferencia per microhabitats adjacents
més oberts i subjectes a temperatures extremes i processos d’amplificacié microclimatica.
Aquests resultats destaquen el rol central que els mosaics microclimatics i la seleccié de
microhabitat tenen en la mitigacié dels impactes del canvi climatic en els insectes.

Les dades dels treballs empirics anteriors també s’utilitzen per a construir un model
matricial de poblacions. Aquest segon model integra les taxes vitals dela . napz al llarg del
seu cicle vital considerant els efectes de I'exposicié microclimatica extrema i de I'escassetat
de planta hoste induida per la sequera sobre la mortalitat larval i la pupacié. El model
inicialment simula els réegims actuals de temperatures extremes microclimatiques, de se-
querailasevaaccié combinada (esdeveniments extrems compostos de calor i sequera). Els
resultats indiquen que els declivis presents en alguns poblacions de P. zapi estan princi-
palment conduits pels efectes de la sequera sobre les plantes hoste, fet que corrobora les
observacions de camp anteriors i en destaca el rol clau que els processos indirectes poden
tenir a I’hora de modular les respostes dels insectes al canvi climatic. Després, el model
prediu la dinamica de les poblacions en futurs réegims d'esdeveniments extrems a nivells
creixents d’escalfament global. Aquests escenaris de futur anticipen un creixement en la
freqiencia d’esdeveniments actualment de baixa versemblanga i d’alt impacte en relacié a
esdeveniments extrems més moderats i recurrents. A causa de la relacid no lineal entre la
temperatura i la mortalitat induida per altes temperatures, les simulacions prediuen que
en trajectories de canvi climatic no alineades amb els Acords de Paris, aquests esdeveni-
ments de baixa probabilitatialtimpacte poden desencadenar declivis severs i extensos a les
poblacions de Pieris napi. Aquest efecte podria finsi tot excedir els impactes de I'escassetat
de planta induida per la sequera.

En conclusié, aquesta tesi subratlla el valor d’utilitzar models basats en processos que
aprofiten les dades recollides a camp i experimentalment per a predir les respostes dels
insectes al canvi climatic. Els models predictius que hi he desenvolupat desgranen el con-
junt de processos subjacents identificats en els estudis empirics i en quantifiquen la seva
influéncia individual i combinada. A més a més, els models que he utilitzat destapen una
amenaga a les poblacions d’insectes fins ara ignorada: I'escalada desproporcionada dels es-
deveniments extrems de baixa versemblanga i alt impacte amb el canvi climatic. La gener-
alitat dels resultats d’aquesta tesi i la utilitat dels models basats en processos es discuteixen
i es contrasten amb les aproximacions correlatives de gra més groller més comunament
emprades, les quals no haurien sigut capaces de predir els impactes no lineals d’aquests



esdeveniments tan extraordinaris.
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1.1. Insects, at the core of an unravelling fabric of life

1.1 Insects, at the core of an unravelling fabric of life

Insects represent a major component of living organisms. With about 1 million named
species and at least 4.5 million more still unidentified, insects comprise more than 60%
of described animals and around a tenth of animal biomass (Bar-On et al., 2018; Stork,
2018; Zhang, 2013a,b). Due to (or resulting in) their great diversity of morphologies and
lifestyles, insects are spread across the globe in almost all terrestrial and freshwater ecosys-
tems, where they play numerous important functional roles as herbivores, pollinators,
detritivores, parasites, predators, preys, ecosystem engineers, and dispersal agents, among
others (Price et al., 20115 Seastedt and Crossley, 1984; Weisser and Siemann, 2007). Insects
are thus in “the warp and weft” of the fabric of life on which we all depend (sezsu Diaz,
2022; Diaz et al., 2019).

Despite the key functional roles insects play in most ecological networks of the bio-
sphere, many insect populations have shown rapid declines during the last decades, rais-
ing social and scientific concerns (but see Althaus et al., 2021). Insects have gone through
numerous large fluctuations since their origin more than 400M years ago (e.g. during
glacial and interglacial periods, or after the expansion of human agriculture 10,000 years
ago; Coope et al., 1997; Dennis, 1993; Elias, 1991; Garcia-Berro et al., 2023; Wallberg et al.,
2014; Webster et al., 2023). Yet, current declining trends are clearly caused by the accel-
eration in human activity during the past century (Difaz et al., 2019; Raven and Wagner,
2021; Wagner, 2020; Wagner et al., 2021b). Understanding the anthropogenic impacts
on insect populations and reversing their declines has thus become of paramount impor-
tance to avoid the unravelling of insects’ important contributions to nature and human
societies.

Most recent high-profile studies on the topic estimate an overall annual rate of decline
in insect abundance around 1% (van Klink et al., 2020a,b; Wagner et al., 2021b). However,
reported insect trends vary depending on the region, the temporal baseline of the study,
the taxonomic lineage, and insect functional traits (Carnicer et al., 2012; Duchenne et al.,
2022; Engelhardt et al., 2022; Hoye et al., 2021; Melero et al., 2016; Stefanescu et al., 2011b;
Sunde et al., 2023; van Klink et al., 2020a,b; Wagner et al., 2021a). For instance, declin-
ing trends have been mainly reported for terrestrial insects, while freshwater insects show
increasing abundances in central Europe (Engelhardt et al,, 2022). Decreases in abun-
dance are also steeper for cold-adapted species and habitat specialists, although many
widespread, common, and generalist species are reducing their abundances too (Melero
et al., 2016; Stefanescu et al., 2011b; Wagner et al., 2021a). Overall, despite the fact that
not all insect species are declining, the decreases reported for a considerable proportion
of populations are already worrying.

The drivers of current insect declines, like in other biological groups, are associated
with the increasing human demand for material commodities from nature (Dfaz et al,,
2019; Jaureguiberry et al., 2022). Concretely, these drivers are habitat loss and deterio-
ration due to land abandonment, deforestation, and urbanisation; agricultural intensifi-
cation and the increasing use of agrochemicals; pollution; invasive species; and current
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climate change (Fig. 1.1; Dicks et al., 2021; Wagner, 2020; Wagner et al., 2021b). In Eu-
rope, where long-term surveys and natural collections enable more thorough and exten-
sive assessments of populations trends (Kharouba et al., 2018; Warren et al., 2021), insect
declines likely started more than a century ago, following the abandonment of traditional
agriculture and the associated landscape changes (Dicks et al., 2021; Habel et al., 2019a,b;
Raven and Wagner, 2021; Seibold et al., 2019; Warren et al., 2021). The consequences of
the deep transformation in agroecosystems during the recent past are reflected in the steep
declines of grassland and heathland butterflies observed in West Europe (Habel et al.,
2016; van Strien et al., 2019; van Swaay et al., 2019; Warren et al., 2021). However, as the
climate gets warmer and more extreme, the impacts of climate change on insects’ trends
are expected to rival the effects of land use changes and take a preeminent role in future
declines (Engelhardt et al., 2022; Halsch et al., 2021; Harvey et al., 2023; Jorgensen et al.,
2022b; Neffet al., 2022).

Crucially, while the role of climate change on insect declines is already acknowledged,
our understanding of the underlying processes mediating its impacts on insect popula-
tions remains incomplete (Dicks et al., 2021). This knowledge gap is particularly pro-
nounced for extreme climatic events, as they have received far less attention compared to
the impacts of gradual changes in mean climatic variables on insect biology (Bastos et al.,
2023; Buckley et al., 2023a; Halsch et al., 2021; Harvey et al., 2023; Jentsch et al., 2007;
van de Pol et al., 2017; Wagner et al., 2021b). Understanding these underlying processes
is fundamental for predicting insect population responses to climate change and its as-
sociated extremes. It also lays the groundwork for developing science-based conservation
strategies to halt the current trends of insect decline (Buckley et al., 2023a; Urban et al.,
2016; van de Pol et al., 2017). To contribute to addressing this pressing challenge, in this
thesis, I aim to disentangle the complex weave of processes mediating the effects of climate
change on a model insect species in the Mediterranean region and tailor predictive popu-
lation models explicitly integrating these processes under current and future conditions
of global warming.

1.2 Numerous intertwined processes modulate the
impacts of climate change on insects

Theacceleration in human activity has also caused the ongoing climatic change, which
goes hand in hand with the current biodiversity crisis (Diaz, 2022; IPCC, 2021; Pettorelli
et al., 2021; Turney et al., 2020). As a result, the mean global surface temperature has
already warmed 1.1 °C relative to 1850-1900, triggering rapid changes in many aspects
of the climate across the globe (IPCC, 2021). For instance, global warming has altered
the global hydrological cycle and large-scale patterns of atmospheric circulation, affecting
rainfall distribution, surface humidity, and terrestrial snow cover worldwide (Douville
et al., 2021; Gulev et al., 2021). Besides the shifts in the mean values of climatic variables,
observed changes in the climate also involve amplified variability, leading to an increased
frequency, duration, and intensity of extreme climatic events (IPCC, 2021; Seneviratne
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Figure r.x: Multiple anthropogenic drivers threaten insect populations globally. Most of the drivers are
associated with the acceleration of human activity over the past centuries and its increasing demand for
natural resources. Featured insects: Regal fritillary (Speyeria idalia) (centre), rusty patched bumble bee
(Bombus affinis) (centre right), and Puritan tiger beetle (Cicindela puritana) (bottom), all of them imper-
illed insects. This illustration is reproduced with the permission of the artist (Virgina R. Wagner) and was
published in Wagner, D. L., E. M. Grames, M. L. Forister, M. R. Berenbaum, and D. Stopak. 2021. Insect
decline in the Anthropocene: Death by a thousand cuts. Proceedings of the National Academy of Sciences
118:€2023989118.

et al,, 2012, 2021). Importantly, the latest IPCC projections predict that climate change
impacts will further intensify with every additional increment of global warming (IPCC,
2021).
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The Mediterranean region, a European hotspot of insect diversity and endemicity,
is also one of the most vulnerable regions to climate change (Ali et al., 2022; Giorgj,
2006; IPCC, 20215 van Swaay et al,, 2010). Surface temperatures are increasing in this
area around 20% faster than the global mean, and precipitation is projected to decrease
about 4% with every degree of global warming (Lionello and Scarascia, 2018). Dry and
hot extremes are predicted to become particularly intense and common during Mediter-
ranean summers —usually the harshest period for living organisms in this area—, with in-
creasingly frequent compound hot droughts (i.e. concurrent dry and hot extreme events;
Bastos et al., 2023; Bevacqua et al., 2021; Seneviratne et al., 2021; Simolo and Corti, 2022;
Spinoni et al., 2020; Vogel et al., 2020). In fact, high temperatures and aridity, in con-
junction with habitat loss, are the major forces of Mediterranean insect populations, a
substantial fraction of which have undergone significant declines too (Bonelli et al., 2018;
Colom et al., 2022; Herrando et al., 2019; Mingarro et al., 2021; Mora et al., 2023; Out-
hwaite et al., 2022; Stefanescu et al., 2011a,b; Ubach et al., 2019; Zografou et al., 2014).
Therefore, the Mediterranean region, where this thesis is developed, is at the forefront of
climate change impacts on insects, reinforcing the urgent need to unveil the processes by
which climate change affects insects and develop relevant predictive models of its impacts
on natural populations.

Fingerprints of the impacts of current climate change on insect populations have
been accumulating since the first reports on insects’ range shifts in response to recent
global warming (Boggs, 2016; Halsch etal., 2021; Harvey etal., 2023; Hill etal., 2021; John-
son and Jones, 2017; Parmesan, 1996, 2006; Parmesan and Yohe, 2003; Parmesan et al.,
1999; Wilson et al., 2007). The reported impacts of current climate change on insects are
highly heterogeneous and affect numerous ecological processes occurring at several inter-
connected levels, from genetic, physiological and behavioural levels, to population, phe-
nological, species, and community levels (Angilletta 2009; Bradshaw and Holzapfel 2001;
Caillon et al. 2014; Carnicer et al. 2011; Colom et al. 2021, 2022; Forister et al. 2018; King-
solver et al. 2o11; Nice et al. 2019; Palmer et al. 2017; Parmesan et al. 1999; Pincebourde et al.
2016; Stefanescu et al. 2003, 20113; Suggitt et al. 2018; Ubach et al. 20225 Woods et al. 2015).
Therefore, understanding climate change impacts on insects not only entails dealing with
the multifaceted and multimetric nature of climate change but also with the multiplicity
of interrelated ecological and evolutionary processes that are involved (Briscoe et al., 2023;
Buckley etal., 2023a; Garcia et al., 2014; Lehmann et al., 2020; Yang et al., 2021). Such in-
tertwined processes shape insect responses to climate change by affecting both the expo-
sure and sensitivity of insects to the climate (Buckley, 2022; Carnicer et al., 2017; Dawson
et al., 2011; Maino et al., 2016; Moritz and Agudo, 2013; Williams et al., 2008). In addi-
tion, these processes can directly link climate conditions with insects’ biology (i.e. direct
climate impacts), or transmit climate impacts indirectly, by affecting insects’ resources or
other interacting species. Furthermore, this complex weave of interrelated processes link-
ing climate and insect responses often varies between populations at a local scale (Bennett
et al., 2015; Nice et al., 2019; Parmesan and Singer, 2022), across the seasons (Dillon et al.,
2016), and across insects’ life stages (Brunner et al., 2023; Kingsolver et al., 2011; MacLean
et al., 2016; Woods, 2013), producing heterogeneous mosaics of climatic stress and insect
responses across species’ ranges (Fig. 1.2).
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Figure 1.2: A complex weave of climatic and ecological processes shape insect responses to climate change.
(a) Insect responses to climate change ultimately depend on the insect exposure to climate (top) and the
sensitivity of insect performance to these climatic conditions (bottom). Multiple biotic and abiotic ele-
ments from the environment, like canopy shading and leaf evapotranspiration, can locally alter energy and
water fluxes and create a mosaic of microclimatic conditions that deviate from the macroclimate. Insects
are ectothermic animals with a typically small body size. Thus, their body temperature and climatic expo-
sure results from the behavioural sampling and the use of the microclimatic mosaics produced at very fine
scales in their habitats (top). The series of body temperatures experienced during the insect life cycle alter
numerous of their physiological, phenotypic, and phenological traits that are responsive to temperature
and determine insect population performance (bottom). Insect responses to the experienced climatic con-
ditions during its life cycle represent direct impacts of climate change on insects (left). Additionally, varying
macroclimatic and microclimatic conditions due to global warming can also affect the resources, predators,
and other interacting agents of the insects, indirectly impacting insect populations (right). Furthermore,
this complex weave of climatic and ecological processes mediating direct and indirect impacts of climate
change on insects can vary across populations (b), across seasons (c), and across the life cycle of the insect.
(b) For example, the local populations of an insect species can inhabit diverse landscapes with different local
features and local biota, and thus be exposed to contrasting microclimatic mosaics and interact with other
species. (c) Similarly, the various generations that a multivoltine insect produces across the year will face
different microclimatic conditions and may find a distinct set of interacting species. (d) Finally, because
many insects have complex life cycles and present different stages with contrasting sizes, mobility, and eco-
logical requirements, they can inhabit various microhabitats with contrasting microclimatic mosaics and
interact with different species across their life cycle.

Critically, most current predictive models of climate change impacts on insects do
not address this complexity and ignore the important underlying ecological processes
shaping insect responses (Briscoe et al., 2023; Buckley et al., 2023a; Maino et al., 2016;
Urban, 2019; Urban et al., 2016, 2022). The vast majority of studies use correlative meth-
ods to establish associations between the climatic drivers and the insect responses (Ur-
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ban et al., 2016). While these phenomenological approaches are useful to document the
main patterns and observed changes, the methodologies typically employed are not valid
for inferring causal relationships, which hamper our attributive and predictive capacity
of current and future climate change effects on insects (Addicott et al., 2022; Arif and
MacNeil, 2022; Buckley et al., 2023a; Ellner and Guckenheimer, 2006; Grainger et al.,
2022; Urban et al., 2023). In this line, by excluding the fundamental ecological processes
driving insect responses, the predictive capacity of correlative statistical models is limited
to the observed range of climatic conditions (Buckley et al., 2023a; Ellner and Gucken-
heimer, 2006). Thus, although there are very good correlative models with a high pre-
dictive power, any extrapolation to climatic conditions outside this modelled range must
be done with caution (Gustafson, 2013; Nice et al., 2019; Urban et al., 2023; van Bergen
et al., 2020). This constraint is especially problematic if we want to predict future insect
performance in extreme and novel climatic conditions (Maino et al., 2016; Urban et al.,
2023). Another limiting issue of most current predictive models is that they aggregate the
data at broad geographic, temporal, and taxonomic scales, failing to capture climatic and
ecological variation at relevant finer scales, where the underlying processes occur (Briscoe
et al., 2023; Dillon et al., 2016; Halsch et al., 2021; Kingsolver et al., 2011; Nice et al., 2019;
Pincebourde and Woods, 2020; Pincebourde et al., 2016; Suggitt et al., 2017; Urban et al.,
2023; Woods et al., 2015). For these reasons, many ecologists have prompted the develop-
ment of more accurate predictive models of insect responses to climate change at relevant
spatiotemporal scales that rely on the fundamental ecological processes producing these
responses (i.e. process-based models, using Connolly et al. 2017 definition; Bastos et al.,
2023; Briscoe et al., 2023; Ma et al., 2021; Maino et al., 2016; Urban, 2019; Urban et al.,
2016, 2022, 2023; Yang et al,, 2021). In this thesis, I parameterise both long-standing and
emerging predictive models based on fundamental physiological and demographic pro-
cesses benefitting from the comprehensive knowledge around a model insect species to
predict its population responses to climate change.

1.3 Process-based approaches require well-established
model systems

Parameterising process-based models requires high-quality, detailed information on
the study system (Buckley et al., 2023a; Urban et al., 2022). For this reason, to obtain
the key parameters of the predictive models employed in this thesis, I take advantage of a
well-established study system comprising a model insect species at long-term monitoring
sites of the north-east of the Iberian Peninsula. The studied butterfly species is the green-
veined white (Pieris napi L. 1758), which is becoming a model system in insect thermal
ecology and the study of physiological responses to climate-driven stresses, among other
research areas. For instance, there are many studies regarding their physiological responses
to temperature, drought, and food stresses, but also on their reproductive biology, their
phenotypic and developmental plasticity, and, more recently, their genomic evolution

and phylogeographic history (Box 1 and Table 1.1).

Pieris napi is a widespread and common butterfly across the palearctic region, with
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a clear preference for humid and riverine habitats (Fig. 1.3a; Garcfa-Barros et al., 2013).
The species finds in the Mediterranean region its southernmost and most climatically
stressing distribution. In the Catalan territory, where this study is developed, P. napi has
an abundant and ubiquitous presence, except in the most interior arid regions (Fig. 1.3b;
Vila et al., 2018). Many of the populations in the region have been long monitored by the
Catalan Butterfly Monitoring Scheme (CBMS), which provides weekly counts of butter-
fly abundance across established transects from March to September since 1993 (Pollard
and Yates, 1993; Stefanescu, 2000). The analysis of the abundance data from the CBMS
reveals that P. napi has a stable trend at a Catalan scale (Fig. 1.3¢), yet this regional aggre-
gation masks an heterogeneous mosaic of increasing, stable, and declining populations
at a local scale (Fig. 1.3d). The declines in certain . nap: populations have been mainly
observed in the lowlands and have been correlatively associated with increasing drought
and heat impacts during late spring and summer (Fig. 1.4).

Box 1. Insects, butterflies, and the green-veined white as model
systems

Insects’ characteristics make them ideal model systems for the study of climate change
impacts on living organisms. Due to their small size, ectothermic nature, and rapid life cycle,
insects are highly responsive to environmental variation and easy to rear and manipulate in
the laboratory (Hill et al., 2021; Price et al., 2011). Moreover, the shortness of their life cycles
promotes the sampling of relatively long time series spanning numerous generations. All
these traits, as well as insect’s ubiquity and diversity, make them excellent candidates as model
taxa in global change studies (Johnson and Jones, 2017).

Among insects, butterflies are one of the most popular and traditionally studied groups
(Hill et al., 2021). Natural history collections and naturalist records have left useful infor-
mation to assess butterfly presence more than a century ago (Habel et al., 2016; Kharouba
et al., 2018). In addition, their relatively easy detection and identification have facilitated the
establishment of citizen science programs that monitor their abundance in many parts of the
northern hemisphere (Nice et al., 2019; Pollard and Yates, 1993; Stefanescu, 2000; van Swaay
etal., 2008).

The green-veined white (Pieris napi, Pieridae) is one of the butterflies that has received
more attention. It extends across many areas of Europe, Asia, North Africa, and North
America (Tolman and Lewington, 2009), and because of its abundance and ordinary pres-
ence, is categorised as a least concern species in Europe (van Swaay et al., 2010). The species
is characterised by the dark melanic bands in the ventral side of its hindwings and males emit
a citric essence that can help their identification in the field (Tolman and Lewington, 2009).
The species also presents numerous local morphs and sub-specific variants, complicating its
taxonomic delimitation and the assessment of its phylogeographic history (Bowden, 1979;
Chew and Watt, 2006). See Table 1.1 for a summary of the main characteristics and findings
on the species spanning multiple biological fields, which consolidate the species as a model
system in insect biology.
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Table r.x: A non-exhaustive summary of the research on P. napi bioloogy.

Main findings

Main references

Reproductive
biology

P. napi females benefit from multiple mating (i.e. polyandry) in terms
of lifetime fecundity and longevity. Males typically emerge earlier than
females (protandry) and transfer a nuptial gift to females at mating,
losing around 15% of their weight. After mating, females emit repel-
lent pheromones (likely male-derived) to minimise the cost of female
rematings by delaying them to times with decreased egg laying.

Bergstrom  and ~ Wiklund
(2002);  Bissoondath  and
Wiklund (1996); Forsberg and
Wiklund (1989); Kaitala and
Wiklund (1994); Karlsson et al.
(1997); Vilimiki et al. (2008);
Wedell et al. (2002); Wiklund
etal. (1993, 1998)

Host-plant use
and oviposition
behaviour

P. napi selects crucifer herbs from moist habitats to oviposit. Host-
plant preference of the females is not associated with their habitat af-
filiation and does not lead to increased performance of the offspring.
Moreover, P. napi larvae of some populations prefer small host plants
or use their bottom leaves, a behaviour that has been related to micro-
climatic conditions rather than plant condition.

Forsberg (1987); Friberg and
Wiklund (2019); Friberg et al.
(2015); Heinen et al. (2016);
Obhsaki (1979); Shapiro (1979);
Yamamoto (1983)

Predators,
parasites,
and specific

parasitoids

Multiple vertebrate and insect predators, parasites, and parasitoids
feed on P. napi individuals. Early life stages are mainly affected by in-
sect predators and parasitoids, while bigger larvae are eaten by verte-
brate predators. Predation pressure is thought to shape microhabitat
and host-plant preference of the species.

Ohsaki and Sato (1994, 1999);
Yamamoto (1981)
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Field (cont.)

Main findings (cont.)

Main references (cont.)

Physiological
responses

to plant, heat,
and drought

stresses

P. napi larvae reared at high experimental temperatures (specially dur-
ing extreme thermal treatments) has inferior efficiency of food con-
version, leading to adults of small sizes, reduced immunity functions,
decreased fecundity, but higher flying capacity. High temperatures in
the laboratory also decrease host-plant quality by increasing C/N ra-
tios and glucosinolates concentrations. However, simulated dry con-
ditions have opposite effects on host plants, leading to adults with in-
creased size and food conversion efficiency.

Bauerfeind and Fischer
(2013a,b, 2014a,b); Degut et al.
(2022); Kuczyk et al. (2021)

Seasonal
polyphenism
and
developmental
plasticity

P. napi produces several generations (2—s) across the seasons, except in
the northernmost edge of its distribution. To adapt to this seasonality,
larvae can undergo through at least two alternative development path-
ways depending on the temperature and photoperiodic conditions,
and adults from different generations show contrasting phenotypes
and behaviours. Larvae developing in the autumn wander for a longer
time and lose more mass before pupating, after which they enter a win-
ter dormancy stage. Subsequent adults emerge in spring, once the pu-
pal diapause ends, and present the characteristic melanic bands in their
hindwings. Larvae of the following generations directly develop (i.c.
without diapausing) and the resulting adults present rounder and less
melanic wings, which favours butterfly thermoregulation and disper-
sal capacity in the summer conditions.

Bowden (1979); Friberg et al.
(2012); Karlsson and Johansson
(2008);  Kingsolver  (1987);
Kingsolver =~ and  Wiernasz
(1987); Kiveli et al. (2015, 2017);
Larsdotter-Mellstrom et al.
(2010); Pefiuelas et al. (2017);

Shapiro (1977)
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Field (cont.)

Main findings (cont.)

Main references (cont.)

Winter
diapause

The photoperiod and temperature conditions determining winter di-
apause induction, duration, and termination in P. zapz and its associ-
ated metabolic dynamics have been intensively examined. Both very
low and very high winter temperatures affect diapause termination
and the synchronisation in pupal eclosion. Moreover, high temper-
atures before the winter diapause period have negative fitness conse-
quences for diapausing individuals, potentially becoming an added
threat with increasing global warming.

Lehmann et al. (2016, 2017,
2018); Nielsen et al. (2022)

Local
adaptations
and clinal
variation

P. napi populations show high plastic and genetic adaptive variation
across elevations and latitudes in many functional and life-history
traits, such as voltinism, diapause duration, post-winter development,
maintenance vs reproductive traits, wing size and melanisation, and

flight capacity.

Espeland et al. (2007); Giin-
ter et al. (2019, 2020a,b); Mer-
ckx et al. (2021); Pefiuelas et al.
(2017); Posledovich et al. (2015);
Tuomaala et al. (2012)

Genomics

P. napr’s genome has been recently annotated and published, which
revealed an unprecedented reorganisation of its chromosome struc-
ture relative to other lepidoptera and contributed to characterise the
genetic basis of P. nap: adaptive phenotypes and host-plant use. In
addition, new genomic analyses are helping to clarify the taxonomic
delimitation of P. napi-complex and its phylogeographic history.

Carnicer et al. (2023); Ge
et al. (2023); Hill et al. (2019);
Neethiraj et al. (2017); Pruiss-
cher et al. (2017, 2021)
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Figure 1.3: In this thesis, I quantify the impacts of extreme heat and drought on different intensively-
monitored populations of the model species Preris napi. (a) The butterfly is commonly known as the
green-veined white due to the very characteristic melanic bands that it presents following its hindwing veins.
Photograph provided by Vlad Dinca. (b) The green-veined white is a common and abundant butterfly in
the Catalan territory, where it can be found from lowland, climatically-exposed areas (bottom, red square)
to montane and high-elevation regions (mid, green square and top, blue square, respectively). Photographs
by Jofre Carnicer and the author. (c) Pieris napi presents a stable trend at a regional, Catalan scale. Figure
extracted and modified from the CBMS website (www.catalanbms.org). (d) At a local scale, the species
presents a heterogeneous mosaic of increasing, stable, and declining populations. Purple arrows indicate
the five intensively-monitored populations studied in this thesis (Table 1.2).

In this thesis, I aim to understand how drought and heat extremes are impacting
Pnapi populations in this climatically-stressed region and predict their increasing fu-
ture impacts. To do it, I collect key information on the potential processes mediating
these heat and drought impacts on a network of five intensively monitored populations
placed across an elevation gradient and presenting contrasted demographic trends (Ta-
ble 1.2). Combining direct measures in the field, with experimental estimates and com-
putational calculations, I quantify several climatic and ecological processes directly shap-
ing P. napi exposure and sensitivity to climate impacts, and indirectly, by affecting their
host plants. The quantification of this complex weave of climatic and ecological processes

3
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Figure 1.4: The multiannual trends in abundance of an increasing population (P2 in Table 1.2) and a
declining population (P1 in Table 1.2) of Preris napi. Using the CBMS demographic series, I calculated
an standardised index of butterfly abundance for each year at an annual and a subannual scale by sum-
ming all the individuals counted during that period and dividing them by the number of monitoring weeks
and the kilometres of the surveying transect. The subannual periods broadly correspond to the different
generations the species produces during a year. (a) The mid-elevation population shows an annual posi-
tive trend, which results from the increase in butterfly abundance of the spring and early summer gener-
ations coinciding with a spring wetting trend (i.e. increasing march rainfall). (b) In contrast, the lowland
population shows a multiannual declining trend associated with the decrease in abundance recorded for
summer generations. In this area, late springs are becoming drier (lower and more negative values of the
SPEI drought index between April and June) and summers have been affected by an intense, multidecadal
drought (sustained negative values of SPEI drought index for summer months). Asterisks indicate statisti-
cally significant trends in butterfly abundance. SPEI drought index was calculated following Beguerfa and
Vicente-Serrano (2017).

is conducted across the four chapters constituting the main body of the thesis. To give a
general insight to the reader into the various quantified processes, I here briefly introduce
them (and see Fig. 1.5 for a visual summary).

To quantify the local climatic exposure of the populations at a relevant scale, I com-
plement local macroclimatic variables recorded from nearby standardised weather sta-
tions with fine-grained, microclimatic records at a microhabitat and a host-plant level.
Temperatures at the microhabitats and surfaces where insects develop (i.e. the microcli-
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mate) can deviate markedly from open, free-air, standardised measurements (the macro-
climate) (Kearney et al., 2009a; Kingsolver et al., 2011; Pincebourde and Woods, 2020;
Pincebourde et al., 2016; Potter et al., 2013; Suggitt et al., 2011; Woods et al., 2015). For
instance, maximum temperatures under canopies are, on average, about 5 °C cooler than
measurements at adjacent, open habitats (De Frenne et al., 2019), and the complexity
of the microclimatic biophysics of leaves can produce steep thermal gradients at foliar
surfaces —e.g. ~6 °C, when they are in the sun (Pincebourde and Suppo, 2016; Woods,
2013)— and heatleaves over the surrounding air more than 10 °C (Pincebourde and Woods,
2012). For this reason, I expect that microclimatic conditions recorded in this study sys-
tem importantly modulate 2. zapi climatic exposure, in line with the findings from other
insect species. Moreover, As insects’ body temperature ultimately depends on their use
of these microclimatic mosaics (Pincebourde et al., 2016; Woods et al., 2015), in the thesis
I also quantify butterfly and larval thermoregulatory behaviours both in the field and the
laboratory.

To characterise insects’ sensitivity to the experienced thermal conditions, I measure
several P. napi traits that are responsive to temperature and are known to affect insect
performance. Specifically, I analyse the phenological variation in the flight periods of the
populations; the phenotypic plasticity of morphological traits like wing size; larval de-
velopmental rates at varying temperatures; and heat tolerance to extreme thermal condi-
tions. If populations are differently exposed to heat impacts, as I expect, then significant
variation in these thermoresponsive traits should be observed.

These phenological, physiological, and phenotypic responses represent direct effects
of climatic impacts on insects, which are typically better described than indirect impacts
mediated by interacting species (Abarca and Spahn, 2021; Boggs, 2016; Boggs and Inouye,
2012). Yet, climate effects on food resources can also play a key role on the dynamics of
natural populations (Gamelon et al., 2017; Lima et al., 2006; Stenseth et al., 2004). Be-
cause P. napi is an herbivorous insect that uses a relatively small set of herbaceous species
as hosts (Ohsaki, 1979), I expect important additional indirect climatic effects on their
population dynamics mediated by their host plants. With this aim, I also assess the par-
allel effects of heat and drought impacts on P. nap: host plants by characterising their
phenology and vegetative growth, and their morphological, physiological, and stoichio-
metric traits across the seasons.

The empirical quantifications of the processes mediating P. nap: responses to heat
and drought extreme impacts are primarily conducted in Chapters 2 and 3 of this thesis,
with extensions in Chapters 4 and s. In the latter two chapters, I also utilise all gathered
data on this system to parametrise two different process-based models. These models
predict the effects of extreme heat and drought exposure on key vital rates of the species
(specifically larval mortality) and their overall population performance.

Chapter 2 focuses on characterising the multiannual trends of the studied popula-
tions and identifying the climatic factors driving them. Additionally, I quantify various
microclimatic, host-plant, behavioural, and physiological processes that influence P. napi
vulnerability to the identified climatic drivers. Ultimately, I investigate whether any insect
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trait can serve as a phenotypic biomarker of its climatic vulnerability.

In Chapter 3, I delve into the seasonal dynamics of the host plants used by 2. nap to
assess the role of plant phenological and plastic variation in mediating butterfly responses
to extreme drought impacts.

Chapter 4 addresses the consequences of fluctuating and sometimes extreme micro-
climatic temperatures recorded in the selected microhabitats on the survival of develop-
ing larvae. I compare the microclimatic exposure and thermal sensitivity of 2. naps and
P rapae, another well-known butterfly of the same genus. The aim is to parametrise a re-
cently (re)introduced dynamical model, the TDT model, which predicts the organism’s
probability of survival to cumulative heat injury based on the duration and intensity of
heat stress.

In Chapter s, I develop a process-based population model to investigate the effects of
current and future heat and drought extremes on the seasonal population dynamics of
the species. Utilising the field and experimental information and the vital rates estimated
in the previous chapters, I parametrise a matrix population model (MPM) to predict the
population performance under different regimes of extreme events at increasing global
warming levels.

To wrap up, in the concluding chapter, I discuss the main contributions of this thesis,
the generalizability and relevance of the results from the preceding chapters, as well as the
limitations and potential improvements of the employed approaches.
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Figure 1.5: A visual summary of the complete set of climatic and biological parameters and variables es-

timated with the aim to predict macroclimatic warming eftects (top grey hexagon) on 2. napi population
growth rates (bottom grey hexagon). Big, white hexagons indicate the different climatic and ecological di-
mensions quantified between the macroclimatic drivers and the population responses, whereas mid white
hexagons specify which particular variables and parameters I estimate for each dimension. (Legend contin-

ues on next page).
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(Continuation of legend from Fig. 1.5). The coloured, small hexagons inside the mid
hexagons indicate the chapters of the thesis where I estimate each variable, and the linetype
surrounding the mid hexagons, the approach used for the quantification (either direct ob-
servations in the field, experimental estimations, or mathematical calculations from first
principles). The dimensions above the grey rounded square represent climatic and eco-
logical processes shaping P. napi exposure to climate, whereas the dimensions inside the
grey square represent insect traits that are responsive to temperature and thus modulate
insect sensitivity to climate. All these thermal responsive traits determine 2. naps vital rates
and population performance (below the grey square). In the thesis, I employ two distinct
process-based predictive models parameterised with the gathered data: the thermal death
time model (TDT model), which calculates larval survival based on P. naps tolerance to
heat stresses of different intensity and duration, and the matrix population model (MPM
model), which calculates the population growth rates based on P. naps vital rates across its

life cycle.
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Phenotypic biomarkers

of climatic impacts on
declining insect populations:
a key role for decadal
drought, thermal buffering
and amplification effects,
and host plant dynamics







2.1. Introduction

Abstract

Widespread population declines have been reported for diverse Mediterranean but-
terflies over the last three decades, and have been significantly associated with increased
global change impacts. The specific landscape and climatic drivers of these declines re-
main uncertain for most declining species. Here, we analyse whether plastic phenotypic
traits of a model butterfly species (Pieris napr) perform as reliable biomarkers of vulnera-
bility to extreme temperature impacts in natural populations, showing contrasting trends
in thermally exposed and thermally buftered populations. We also examine whether im-
proved descriptions of thermal exposure of insect populations can be achieved by com-
bining multiple information sources (i.e. integrating measurements of habitat thermal
buffering, habitat thermal amplification, host plant transpiration, and experimental as-
sessments of thermal death time (TDT), thermal avoidance behaviour (TAB), and ther-
mally induced trait plasticity). These integrative analyses are conducted in two demo-
graphically declining and two non-declining populations of Pieris napi. The results show
that plastic phenotypic traits (butterfly body mass and wing size) are reliable biomarkers
of population vulnerability to extreme thermal conditions. Butterfly wing size is strongly
reduced only in thermally exposed populations during summer drought periods. Labora-
tory rearing of these populations documented reduced wing size due to significant nega-
tive effects of increased temperatures affecting larval growth. We conclude that these ther-
mal biomarkers are indicative of the population vulnerability to increasing global warm-
ing impacts, showing contrasting trends in thermally exposed and buftered populations.
Thermal effects in host plant microsites significantly differ between populations, with
stressful thermal conditions only effectively ameliorated in mid-elevation populations. In
lowland populations, we observe a sixfold reduction in vegetation thermal buffering ef-
fects, and larval growth occurs in these populations at significantly higher temperatures.
Lowland populations show reduced host plant quality (C/N ratio), reduced leaf tran-
spiration rates and complete above-ground plant senescence during the peak of summer
drought. Amplified host plant temperatures are observed in open microsites, reaching
thermal thresholds that can affect larval survival. Overall, our results suggest that butter-
fly population vulnerability to long-term drought periods is associated with multiple co-
occurring and interrelated ecological factors, including limited vegetation thermal bufter-
ing effects at lowland sites, significant drought impacts on host plant transpiration and
amplified leaf surface temperature, as well as reduced leat quality linked to the seasonal
advance of plant phenology. Our results also identify multiannual summer droughts af-
fecting larval growing periods as a key driver of the recently reported butterfly population
declines in the Mediterranean biome.

2.1 Introduction

Declines in butterfly populations across diverse species over the last three decades have
been described in the Mediterranean basin (Carnicer etal., 2012, 2013b; Melero et al., 2016;
Stefanescu et al., 2004, 2011a,b; Wilson et al., 2005, 2007; Zografou et al., 2014). Negative
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effects of land use changes and global warming have been proposed as the main drivers of
the observed declining trends (Stefanescu et al., 2004, 2011a,b; Wilson et al., 2005, 2007).
These negative demographic trends affect both habitat generalist and specialist butterfly
species in the Mediterranean biome. The spatial diversity of most functional groups is
negatively associated with increased temperatures and aridity (e.g. host plant use, disper-
sal capacity, habitat specialisation, and thermal niche groups; Stefanescu et al., 2011a,b).
Furthermore, the available evidence suggests that global warming-induced population
responses are intimately linked to complex interactions with habitat features and host
plant dynamics (Bennett et al., 2015; Carnicer et al., 20134, 2017; De Frenne et al., 2013;
Merrill et al., 2008; Oliver et al., 2014, 2015; Suggitt et al., 2012). In line with this idea,
it has been suggested that specific habitat attributes can modify global warming impacts
on butterfly populations, triggering both positive and negative demographic responses.
For example, it has been shown that the densification of forest habitats associated with
land abandonment can cool local microclimates, buffering the impacts of global warm-
ing in some plant and insect populations and resulting in positive or neutral demographic
responses to global warming (De Frenne et al., 2013; Nieto-Sinchez et al., 2015).

Populations inhabiting sites lacking effective habitat thermal buffering could experi-
ence increased negative impacts of extreme temperatures, resulting in substantial long-
term demographic declines (Parmesan et al., 2000). In addition to the effects of habitat
thermal buftering, the thermal exposure of butterfly populations can be crucially deter-
mined by other key processes, such as the seasonal variation of host plant transpiration
and leaf water content during summer drought, the operation of thermal amplification
processes in microhabitats, or the display of thermal avoidance behaviours in the insect
larvae allowing the selection of cool microsites at the host plant (Carnicer et al., 2017).
These key co-acting processes are often not measured, and their complex interactions
remain poorly described. To understand the relative importance of all these processes,
integrative studies combining multiple information sources in intensively studied popu-
lations are warranted.

Here, we provide an integrative study of the thermal exposure in four populations
of Pieris napi, combining multiple sources of information (demographic and climatic
data, phenotypic trait data, measurements of habitat thermal buftering, host plant traits,
and experimental assessments of thermal responses). Furthermore, we explore whether
temperature-responsive phenotypic traits can be applied as reliable biomarkers of the dif-
ferent vulnerability to increased temperatures in these intensively studied populations.
Ample experimental evidence supports that diverse life-history and functional traits of
butterflies are highly responsive to temperature variation and show predictable responses
to extreme temperature treatments (Bauerfeind and Fischer, 2013a,b, 2014b; Jones et al.,
1982; Nail et al., 2015; Sheridan and Bickford, 2o11). In particular, wing and body size mea-
sures have been identified as traits highly responsive to temperature variation and climate
change impacts (Atkinson, 1994; Atkinson and Sibly, 1997; Forster et al., 2012; Kingsolver,
2009; Nygren et al., 2008; Sheridan and Bickford, 2o11; Talloen et al., 2009). Therefore,
it is likely that an extensive quantification of plastic phenotypic traits in declining and
non-declining natural populations could indicate their different vulnerability to warmer
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conditions. In other words, if a specific morphological trait of a species is known to re-
spond plastically and in a linear manner to thermal conditions, then we can potentially
deduce, for specific populations, the exposure to these thermal conditions by quantifying
its morphology. Moreover, if we measure extreme thermal conditions in a target popu-
lation, which should induce a morphological response, and find non-altered biomarker
values, we can suspect that the population is buftered from stressful conditions by micro-
habitat effects.

In the Mediterranean region, summer drought periods and increased summer tem-
peratures are tightly linked and significantly associated (Appendix A: Fig. Ar). There-
fore, during extreme summer drought periods, we expect phenotypic traits to be affected
by extreme temperature impacts. In this context, those population sites lacking effec-
tive habitat thermal buftering effects should present a significant negative response in
temperatureresponsive biomarker traits. In contrast, we expect that populations charac-
terised by effective microsite buffering mechanisms should present non-significant trends
in temperature-responsive phenotypic biomarkers (see Appendix A.2 for a formal defini-
tion of the term biomarker and a simple mathematical framework supporting this defi-
nition).

To test this hypothesis and develop an integrative analysis of thermal exposure in a
butterfly species, we address the following five research objectives using the green-veined
white P. napi as a model species: (a) to analyse whether plastic phenotypic traits perform
as reliable biomarkers of vulnerability to extreme temperature impacts in natural popu-
lations, by comparing phenotypic trait responses in four populations of 2. napi; (b) to
experimentally estimate thermal death time responses (thermal susceptibility 2 and crit-
ical thermal limit C'T},,4,.) and the thermal threshold for avoidance behaviour (TAB) for
this model species, (c) to quantify thermal buffering in microsites, assessing whether they
provide non-stressful thermal habitats only in specific localities; (d) to evaluate whether
host plant resource dynamics qualitatively difter between the studied populations; and (e)
to assess whether increased drought impacts could explain the reported long-term popu-
lation declines in the selected model species.

2.2 Materials and methods

2.2.1  Study species

Pieris napi is a widely distributed Holarctic butterfly, common across most of North
America and Europe, though only locally in North Africa. Throughout its distribution,
it shows a clear preference for humid habitats, such as wetlands, riparian forests, and irri-
gated agricultural land. In Catalan lowland areas, there is a succession of four to five gen-
erations from early spring (March—April) to autumn (October—early November), with
overwintering in the pupal stage. Maximum abundance is typically recorded in early sum-
mer, in coincidence with the peak of the third generation. This peak is followed by a
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period of 1-2 months when abundance is much reduced, in coincidence with summer
drought. Butterflies then reappear by the end of September, in what normally consti-
tutes the last annual generation. In mountain areas, where the phenology is constrained
by colder temperatures, a succession of three generations from April to September is the
most common pattern. At most montane sites, abundance increases all over the season
and reaches its maximum in the third and last annual generation. Eggs are laid singly on a
wide range of wild Brassicaceae, Lepidium draba and Brassica nigra being the two most
common host plants in lowland areas, and Alliaria petiolata, Arabis glabra, and Car-
damine pratensis those mostly used in mountain habitats. Other secondary host plants
have been recorded over the region (Garcia-Barros et al., 2013).

2.2.2  Study zone

We studied two lowland declining populations (sites 1 and 2) and two mid-elevation
non-declining populations (sites 3 and 4) in Catalonia, NE Spain. Sites 1 and 2 were lo-
cated at two protected coastal wetlands (Delta del Llobregat and Aiguamolls de "Emporda,
133 km apart). In contrast, sites 3 and 4 were located at higher elevations, also in natural
protected areas (Zona Volcanica de la Garrotxa (503 m a.s.l.) and Montseny (1,031 m a.s.l.),
41km apart). Mid-elevation sites were characterised by a heterogeneous mosaic of difter-
ent habitat types, including open fields, small wetland and riverine areas, and temperate
and evergreen forests. A more detailed summary of the geographic, climatic, and ecolog-
ical attributes of the selected sites is provided in Table Ar and Fig. A2. To quantify long-
term demographic trends, sites were surveyed from 1994 to 2012 as part of the Catalan
Butterfly Monitoring Scheme (www. catalanbms.org) via weekly butterfly counts along
fixed transect routes from March to September (a total of 30 recording weeks per year). All
individuals seen within 2.5 m on each side and 5 m in front of the recorder were counted,
using the standard methodology of the Butterfly Monitoring Schemes (Pollard and Yates,
1993; Schmucki et al., 2016). For site 1, demographic surveys were available only for 7 years
distributed in two discrete periods [1994-1997 and 2007-2009]. An annual index calcu-
lated as the sum of weekly counts was used as the measure of population abundance at
each season.

2.2.3 Population trends, climate and land cover data, and model
selection approach

Climate factors and landscape use changes have been identified as the main drivers
of long-term butterfly population trends in the Mediterranean biome (Stefanescu et al.,
2011a,b). However, detailed models combining climatic and dynamic landscape data are
still warranted to quantitatively assess the relative contribution of these two factors to
long-term butterfly demographic declines. For this purpose, we compiled a database in-
tegrating butterfly annual abundance indices, monthly climatic rainfall and temperature
data for the 19942012 time period (Domingo-Marimén, 2016), and land cover dynam-
ics data for 1994—2012. To study landscape dynamics, aerial orthoimages (1:25,000) for
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1993, 2001, 2006, and 2012 were digitised using MiraM on, a geographic information
system (Pons, 2002). The images were provided by the Cartographic Institute of Cat-
alonia (www.icgc.cat/). We selected a circular area (2 km of diameter) around the field
transect sites and quantified the changes in the total surface (m?) of the following nine
land cover types: wetland and continental water (L), dense forest (L2), sparse forest (L3),
shrubland (L4), grassland and herbaceous meadows (Ls), urbanised land (L6), bare land
(L7), road and lane areas (L8), and beach area (L9). A continuous annual sequence of es-
timated land cover changes for 1994—2012 was obtained applying spline fits using J M P
(SAS Institute Inc., 2012) and saving predicted values between consecutive orthoimages
in the time series.

To analyse the observed temporal trends in the butterfly annual abundance of the
four populations over 1994—2012, spline fits and ordinary least squares models (OLS)
were implemented. Two model selection approaches were sequentially applied, first us-
ing only climatic variables (approach 1) and subsequently combining land and climatic
variables in an integrated model (approach 2). The first modelling approach was simply
used to reduce the large number of climatic variables analysed (a total of 28 monthly tem-
perature and precipitation variables). In other words, we first selected monthly climatic
variables significantly associated with the observed butterfly demographic trends (OLS
stepwise approach; SAS Institute Inc., 2012), and then, we combined the selected climatic
variables and dynamic landscape data in an integrated model selection approach. All pos-
sible models computable in each approach were contrasted in terms of their corrected
Akaike’s information criterion (A1 C,) and Bayesian information criterion (BIC'), and
the models with the lowest values were selected. The explanatory power of competing
variables was contrasted by the stepwise selective approach and by comparing the esti-
mates for the selected predictors (SAS Institute Inc., 2012). Digitised orthoimages were
not available for site 4, precluding the inclusion of this site in the landscape modelling
analyses. We included in the model selection approach monthly climatic variables of two
consecutive years in order to account for the previous autumn growing period of winter-
diapausing generations (i.e. current and previous year climatic data).

2.2.4 Phenotypic biomarkers of population vulnerability

In order to identify phenotypic traits that could perform as climate extreme biomark-
ers, butterfly populations were intensively sampled with weekly resolution during 2014
and 2015, covering the whole flying period (early spring to late autumn). Weekly samples
were composed of a minimum of four males and four females. Supplementary samples
were collected during seasonal abundance peaks. A total of 1265 butterflies were finally
collected (see Table Az for further details). The following phenotypic traits and their sea-
sonal variance were quantified in the four selected populations: dry body mass, dry wing
mass, wing size (i.e. length and area). Dry wing mass and wing area variables were signifi-
cantly correlated and were considered synonymous descriptors (R? = 0.40; P < 0.0001).
The same was true for dry body mass and wing area measures (R? = 0.41; P < 0.0001).
In addition, we also quantified wing melanism, and whole-body 013C, 6*5N, %N, and
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%C. However, these variables were not strongly related to climate variability and were

discarded.

To quantify wing size (length and area), wing samples were photographed using stan-
dardised settings (fixed Nikon D7100 with a Sigma Macro objective at a height of 415
cm). The quantification was performed with ButterflyPhotoGUI, a MATLAB algorithm
(developed by Hedrick, T., Kingsolver Lab, University of North Carolina), so that wing
size corresponded to the number of pixels in the area defined by three fixed landmarks in
the hindwing (tip of the vein Mj, tip of the vein CuA; and the intersection of the veins
CuA;-CuAs, Fig. A3). The wing vein naming system applied is described in Wahlberg
et al. (2014). In addition, wing length (mm) and area (mm?) were measured indepen-
dently in a subset of standardised photographs. All these measures (wing area in pix-
els, wing area in mm?, and wing length in mm) were strongly correlated and, thus, were
considered related descriptors (R? > 0.80; P < o.0001). Wing size was finally chosen to
present our graphical results (i.e. wing length 1 in Fig. A3).

To track the impacts of extreme summer climatic conditions on wing size, we focused
on the weekly variation of this trait during the spring, summer and autumn periods. To
more precisely quantify the effect of climatic variables on phenotypic trait variability, we
modelled the variation of wing size using ordinary least squares models (OLS) and in-
troducing the following predictor variables: site, year (2014 or 2015), mean temperature
during the larval and pupal growth period (25 days previous to the adult collection), accu-
mulated rainfall previous to adult collection (60 days), mean relative humidity previous
to adult collection (60 days), photoperiod (mean of 25 days previous to adult collection),
and sex (male or female).

For each climatic variable, different possible temporal spans were assessed, ranging
from s to 120 days (with a s-day resolution), compiling subsets of related climatic vari-
ables. The climatic variables that were finally selected were characterised by higher cor-
relation coeflicients with the modelled variables (wing size) in multivariate correlation
analyses (SAS Institute Inc., 2012). We selected the models and associated time spans that
explained a greater fraction of the variation in the response variable. The modelling re-
sults with closely related variables were qualitatively similar (e.g. using a 20-day, 25-day,
or 30-day time span resulted in qualitatively synonymous results).

The interactions between the predictor variables were examined, and significant in-
teractions were retained. We have only considered simple, pairwise interactions in the
models. We focused on the interactions that were strongly supported by the coefficient es-
timates (strong empirical signal in the models) and associated with a clear biological inter-
pretation (e.g. site x temperature and sex x temperature interactions). Site x temperature
interactions were associated with diverging negative effects of elevated temperatures in
lowland populations relative to mid-altitude sites. Temperature x sex effects were consis-
tent with sex-linked differences in body size observed in experimental thermal treatments
(see below). In sum, we have applied a conservative approach in the management and in-
clusion of interactions, preferentially selecting a reduced number of interactions with a
clear biological meaning. We excluded the first generation, thatis, winter-diapausing indi-
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viduals, from the modelling analyses. Photoperiod was calculated following Kirk (1994).
We randomly collected both freshly emerged and older, worn individuals, and estimated
adult age by quantifying wing condition state using an ordinal scale (Fig. A4). No signif-
icant effects of wing condition were observed on wing size models.

2.2.5 Common-garden experiment

To assess whether the selected biomarker traits were reliable predictors of direct tem-
perature effects on the phenotype, we performed a common-garden split-brood experi-
ment. Five female lines from the lowland site 2 were initiated, with eggs reared under pho-
toperiod conditions inducing direct development (13:11L:D). The offspring (eggs) were
divided into two temperature treatments (20 °C and 25 °C). As illustrated in Fig. As, the
20 °C treatment corresponds to the observed mean daily temperatures in June or late
August. In contrast, the 25 °C treatment corresponds to the warmest mean daily tem-
peratures of June, July, and August in the study period (Fig. As and see Bauerfeind and
Fischer, 2013a,b, 2014b, for additional experimental studies in this species).

Fresh leaves of the host plant species Lepidium draba were provided to the larvae ad
libitum. A total of 143 adult individuals belonging to five different families were finally
obtained (see Table A3 for detailed numbers). The experiment allowed testing the effects
of treatment, sex, and family on wing size. The heritability of the measured traits was
estimated using MCMCglmm (Aalberg Haugen et al., 2012; Hadfield, 2010). To assess
putative differences between populations in plastic phenotypic responses between low-
elevation and mid-elevation sites, 32 additional adult individuals, belong to mid-elevation
site 3, were assessed in replicated experimental split-brood conditions (20 and 25 °C treat-
ments, two female lines).

2.2.6 Host plant microsite climatic measures

Maximum summer temperatures often surpass the critical thermal limits of inverte-
brate ectotherms in multiple biomes (Sunday et al., 2014), and as a result, a key role of
thermal buffering processes has been identified for population persistence (e.g. Ashton
et al., 2009; Pateman et al., 2016; Suggitt et al., 2015; Sunday et al., 2014). Consequently,
arobust evaluation of climate impacts on butterfly populations requires quantifying mi-
croclimatic thermal variability and habitat buffering effects at the host plant level during
larval growth periods. In addition, the analysis of the temporal variation of host plant
traits over the season allows the identification of critical periods of resource scarcity and
changes in host plant quality. In the studied system, the dominant host plants were Le-
pidium draba atlowland wetland areas and Alliaria petiolata at mid-elevation sites. For
L. draba and A. petiolata, six host plant microsites were selected at lowland and mid-
elevation mountain ranges, respectively (see Table A4 for details). In each microsite, we
installed an automatic temperature and humidity sensor (Lascar Electronics EL-USB-
2- LCD) recording hourly climatic variability over 2014 and 2015. In the lowlands, L.

29




2. PHENOTYPIC BIOMARKERS OF CLIMATIC IMPACTS ON DECLINING INSECTS

30

draba was mostly distributed in open microsites (open meadows and grassland areas)
and more rarely under tree canopy and/or shrub cover. Egglaying by P. napi has been
recorded on plants growing in both conditions. Four microsite sensors were therefore
distributed in the most representative open meadow microsites, and two sensors were lo-
cated at closed-canopy host plant microsites to quantify the effect of canopy cover on tem-
perature and humidity records. An additional and commonly used host plant, Brassica
nigra, was also present in lower numbers at lowland site 2 (inhabiting open microsites,
along ditches). Two sensors were located at B. zigra microsites to quantify the observed
trends for this host plant. At mid-elevation sites, a single dominant host plant (4. petzo-
lata) was preferentially located and used for egg-laying at closed-canopy sites. However,
a comparatively smaller number of host plants were distributed in open meadow and/or
grassland microsites. Four sensors were located at the dominant and representative con-
ditions (closed-canopy sites), and two additional sensors were located at the more un-
usual open grassland microsites. To contrast microsite climatic measures and standard
measures, daily temperature and rainfall records were obtained from four meteorological
stations located nearby the four surveyed transects (2—5 km) and at the same altitudinal
range (Table As). The automatic temperature and humidity sensors (Lascar Electronics
EL-USB-2-LCD) were located at 25 cm height above the soil surface using metal stakes,
and were protected from direct solar radiation by a plastic envelope sustained by a wire-
mesh cylinder (installed 5 cm above the sensor and thus precluding the direct incidence
of solar radiation). The sensors were surrounded by the host plant leaves and were also
covered by abundant herbaceous vegetation (the herbaceous layer ranged between so and
120 cm of height). At closed sites, the sensors were in addition directly affected by the
shadows of the surrounding shrubs and trees. The sensors estimated the air temperature,
relative humidity and dew point with hourly resolution.

2.2.7 Thermal avoidance behaviour (TAB) and thermal death
time (TDT) experiments

To avoid the exposure to critical thermal temperatures, butterfly larvae may display
thermal avoidance behaviours (i.e. short movements to cooler microsites of the host plant).
However, the thermal thresholds for these behaviours remain poorly quantified and ex-
perimentally studied in most butterfly species. We experimentally assessed thermal avoid-
ance behaviour in 149 larvae of P. napi (last instar, site 2), assessing a total thermal range
of 28—48 °C. Larvae were first placed on a leaf of a potted 4. petiolata and acclimated
at an ambient temperature of 22 °C for 5 min. Then, we experimentally raised leaf sur-
face temperatures to a selected Celsius degree treatment (in the thermal range of 2848
°C) using a 70 W light lamp and carefully controlling the leaf surface temperature with a
HANNA HIg35005N thermal sensor. Larval behaviour was recorded for 2 min, noting
three types of responses: thermally neutral, thermally positive, and thermal avoidance
movements to cooler microsites. For each Celsius-degree treatment, we assessed five to
seven larvae. Each larva was used in a single thermal trial. A two-parameter logistic model
was fitted to model the changes in the frequency of thermal avoidance behaviour f(1')
with increasing leaf surface temperature T*:
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1
1 +eoT=

f(T) = (2.1)

where a is the growth rate of the function, and b is the thermal inflection point (°C)
in which we observed a 0.5 frequency of thermal avoidance behaviours.

Thermal death time experiments (TDT) allow predicting from first principles when
environmental temperatures may affect larval survival (Deutsch et al., 2008; Rezende
et al., 2014). To assess the upper critical thermal limit (C7},,q;) in P. napi, we imple-
mented a static thermal death time experiment with three static thermal treatments (40,
42,and 44 °C) (Rezende et al., 2014). We estimated C'7T},,,, and thermal susceptibility ()
from the equation:

Tyo = CThpaw — zlogt (2.2)

where t is the observed time to death of last instar . naps larvae in static thermal ex-
perimental treatments, T}, corresponds to the constant stressful temperature levels ap-
plied, C'T},, 4, is the temperature that would result in knockdown or death at 1 min (log ¢
= 0), and z is the constant of thermal susceptibility describing how thermal tolerance
decays with the duration of the heat challenge. The experiment was implemented in 60
individuals from six family lines collected at site 2. Twenty individuals were assessed in
each thermal treatment (40, 42, and 44 °C).

2.2.8 Plant trait measurements

To evaluate whether host plant resource dynamics qualitatively differed between pop-
ulations, we quantified the weekly variation of leaf %N and leaf C/N. Previous empiri-
cal works have shown that nitrogen strongly determines butterfly host plant quality of
mature leaves (Kaitaniemi et al., 1998; Mattson, 1980; Myers, 198s; Scriber and Slansky,
1981; Slansky and Feeny, 1977). Moreover, leaves containing less nitrogen constrain in-
sect performance and reduce pupal mass in field experiments (Kause et al., 1999; Myers,
1985, but see Fischer and Fiedler 2000). Plant phenology and drought have been identi-
fied as key drivers of leaf nitrogen variation (Grant et al., 2014; Kause et al., 1999). No-
tably, drought and phenology should produce qualitatively different eftects on the stud-
ied nitrogen-related traits (%N, C/N). In the case of phenology, a progressive reduction
of the quantity of nitrogen in the leaves should be expected with plant maturation and
leaf ontogeny due to the translocation of nitrogen-rich resources to flowers, fruits, and
rhizomes (Jacobs, 2007; Kause et al., 1999). Overall, phenology should promote a pro-
gressive reduction of leaf %N and an increase in leat C/N over the late spring and early
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summer period. In contrast, in the case of drought-induced effects on plant ecophysiol-
ogy, an increase in the quantity of nitrogen in the leaves could be expected (e.g. Bauerfeind
and Fischer, 2013b; Grant et al., 2014; Valim et al., 2016). To perform the weekly leaf mea-
surements, five plants were sampled per week and site, collecting five to eight leaves per
plant for the analyses (Table A6). Seasonal trends for C/N ratio and %N were modelled
applying ordinary least squares for linear trends and spline fits for nonlinear trends (SAS
Institute Inc., 2012).

In order to achieve a more detailed assessment of plant responses to drought stress at
lowland sites, monthly measures of leaf stomatal conductance and leaf surface tempera-
tures were specifically conducted for plants L. draba and B. nigra (usinga LICOR 6400
portable photosynthesis system). These measurements were restricted to open microsites
and were conducted at midday (12.00-14.00) (Aiguamolls de ’Emporda wetlands, site 2).
Four replicates were measured for each host plant species. The measurements were con-
ducted in 2015, a year characterised by warm and dry summer conditions (Fig. A6). Stom-
atal conductance and leaf surface temperatures have been widely applied as integrated in-
dicators of drought and heat stress in herbaceous plants (Annisa et al., 2013; Munns et al.,
2010). Experimental evidence shows that leaf conductance and surface temperature show
qualitatively different responses in heat treatments and soil drought experiments (Annisa
et al,, 2013). In conditions of abundant soil moisture, Brassica plants respond to strong
air temperature stress with an increase in leaf stomatal conductance values, producing in
turn positive leaf-to-air temperature differences (i.e. cooler leaf temperatures relative to
air temperatures due to increased leaf transpiration; Annisa et al., 2013). In contrast, if
plants experience combined soil water and air heat stress, which is probably more com-
mon in Mediterranean ecosystems, reduced leaf conductance values and negative leaf-to-
air temperature differences are to be expected (i.e. higher leaf temperatures relative to air
temperatures due to reduced leaf transpiration).

Photosynthetic rates (A) and stomatal conductances (g;s) were measured at a quan-
tum flux density (PPFD) of 1080 + 19 umol m~2 s! and ambient air temperature under a
controlled CO; concentration of 400 + 2 ppm. To conduct the measurements, one leaf
was enclosed in a clamp-on gas-exchange cuvette of 2 cm?. We selected healthy leaves that
were not affected by insect larvae consumption and/or fungal damage. Air flow through
the dynamic cuvette was 732 + 0.0s mI min~!. A LICOR 6400 XT (4647 Superior Street
P.O. Box 4425 Lincoln, Nebraska USA) gas-exchange system was used.

2.3 Results

2.3.1 Climatic and population trends

Model selection analyses using only climatic data identified June rainfall of the cur-
rent year as the best predictor of the interannual variation of P. nap: abundance (Ta-
bles A7 and A8). An analysis of the temporal trends for this climatic predictor (June
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rainfall) over 1994—2012 identified a decadal period of increasing drought (1997-2007,
Fig. 2.1a). The observed decadal reduction in June rainfall was highly significant at the
fourssites (Fig. 2.1a). Inline with the reported decadal trend of increasing summer drought
stress, butterfly abundance at lowland sites significantly declined, paralleling the trend of
June rainfall (Fig. 2.1b). As a result, lowland populations showed a sharp reduction of
more than one order of magnitude with respect to the initial abbundance numbers. In con-
trast, mid-elevation site populations remained fairly stable over the 1997-2007 drought
period (Fig. 2.1c), and were therefore not paralleling June rainfall trends as observed at the
lowland sites. After the decadal drought period, however, population at site 3 increased
significantly (R? = 0.38, P = 0.0024, Fig. 2.1c), and this increase was significantly corre-
lated to an abrupt increase in June rainfall during 2008-2012 (R? = 0.38, P = 0.0028).
Lowland sites showed significantly lower June rainfall values during the 1997-2007 pe-
riod (Tukey—Kramer test, R? = 0.35; P = 0.000s, Fig. A7).

The model selection approach combining climatic and land cover data reported that
both types of variables significantly contributed to the reported demographic trends.
Opverall, however, the estimates of the models suggested a stronger and predominant ef-
fect for climatic variables in the reported trends (June rainfall, Tables A7 to A1r. For land-
scape variables, significant negative effects of reduced meadow cover extent during 1994
2012 were detected at site 2. At mid-elevation site 3, a positive effect of increased wetland
area was detected. Landscape data were not available for 20132015, and therefore, these
years were excluded from the butterfly annual abundance models. Nevertheless, we exam-
ined the observed population trends for an extended period (1994—2015) and the results
were fully consistent with the trends reported for 1994-2012 (Fig. A8). Mid-elevation
site 4 showed a stable population trend (Fig. 2.1c), and no significant relationships with
climatic variables in OLS models were observed for this site. Population abundances at
low-elevation sites areas were higher (Fig. 2.1), presumably due to a much higher spatial
density of host plants per unit of surface observed in these wetland areas.

2.3.2 Different population sensitivity to temperature impacts

The analysis of the environmental variation of wing size revealed significantly differ-
ent trends between lowland and mid-elevation populations (Fig. 2.2a). Of note, these
trends were significantly associated with increased summer temperature only at lowland
sites (Fig. 2.2a). Consistent with this, OLS models identified the seasonal variation of
temperature during the larval and pupal growth period (25 days previous to the adult
emergence and collection) as the principal driver of diverging wing size seasonal trends
and detected site x temperature interactions (Table 2.1). The interactions between site
and temperature were highly significant, reporting strong negative effects only at lowland
sites (Table 2.1 and Fig. 2.2).

Consistent with the field observations, the common-garden splitbrood experiment
demonstrated a significant link between temperature and wing size variation (Fig. 2.2b).
Tables A12 to Ars summarise the results of the split-brood experiment. Significantly dif-
ferent wing size values were observed for the 20 °C and the 25 °C treatment, with reduced
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Figure 2.1: Climatic and butterfly demographic dynamics over the 19942012 period. (a) Annual variation
of June rainfall at the four population sites. Significant linear rainfall trends are indicated in the 1997-2007
period. (b) Observed variation of butterfly annual abundance at lowland sites (Delta del Llobregat (1) and
Aiguamolls de PEmporda (2) protected wetlands). A significant polynomial and a spline fit are illustrated.
(c) Observed variation of butterfly annual abundance at mid-elevation sites (Zona Volcanica de la Garrotxa
(3) and Montseny Ranges (4) protected areas). Spline and linear fits were applied. When significant, the
variance explained by the linear fit (R?) is indicated.

wing lengths observed for the high-temperature treatment. In addition, we observed sig-
nificant effects of sex and family, with females showing significantly lower wing sizes (Ta-
bles A1z to Ars). The effect of the temperature treatment, however, was dominant and
stronger than family and sex effects. Wing size heritability estimate reported by MCM-
Cglmm models was 0.41 (CI = 0.12—0.76).

The observed wing sizes for the 25 °C treatment were similar to the observed range of
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Figure 2.2: Observational (a) and experimental (b) trends in the selected phenotypic biomarker trait —
wing size (mm)—. (a) Observed relationships between butterfly wing size and environmental temperature
at the four sites. Black dots represent mid-elevation individuals. Grey dots represent low-elevation individ-
uals. The grey square represents the mean wing size and the 95% confidence interval observed in the ther-
mal stress experimental treatment (25°C), matching the field observational values (lines) at lowland sites.
(b) Observed differences in wing size measurements between two experimental temperature treatments (20
and 25 °C). The line across each diamond represents the treatment mean. Diamond plots indicate the 95%
confidence interval for each treatment (vertical span). We concluded that experimental and field results
were in agreement, suggesting a key role of stressful temperatures at lowland sites in the reported wing size
trends. (c) Estimated thermal inflection point for behavioural avoidance responses in last instars of Pieris
napi. (d) Observed thermal death time (TDT) in static thermal treatments in last instar larvae of Pieris
napi. The line within the box represents the median sample value. The ends of the box represent the 25th
and 7sth quantiles. Different capital letters indicate significantly different means (Tukey—Kramer test, P
< 0.0001).

wing size values in the field dataset in the same range of temperatures (i.e. mean temper-
ature during the growth period (25 days), Fig. 2.2a, grey square area). Significant effects
of thermal treatment on larval developmental times were observed, as reported in Fig. Ag
(R? = 0.71, P < 0.0001). Site effects were not significant (Tables A14 and Ais). Mid-
altitude sites showed more plastic responses to temperature in experimental treatments
(Table Ars), indicating that the flat trends in Fig. 2.2a were not related to a lack of ther-
mally induced wing plasticity in mid-altitude populations.
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Table 2.x: Ordinary least squares model (OLS) of the variation of wing size. Values in bold highlight the
principal effect of temperature variation and sitex temperature interactions (negative in lowland, declining
populations and positive at mid-elevation sites)

Wing size
Model fit: R? = 0.38, P < 0.0001, AIC. =18232.3, BIC =18300.8
Term Estimate SE t P
Intercept 317368.16 190999.1 1.66 0.0970
Temperature (Temp) | -9164.388 | 1321.999 | -6.93 | <0.0001
Site 1 -13424.82 8506.542 -1.58 0.1I50
Site 2 -23883.71 8205.615 -2.91 0.0037
Site 3 32545.087 10085.57 3.23 0.0013
Site 4 4763.4443 | 6388.543 | 0.75 | 0.4561
Sex (female) -14702.02 | 2308.956 | -6.37 | <o.000I1
Year -153.3687 4089.377 | -0.04 0.9701
Photoperiod 10464.797 | 5677.805 | 1.84 0.0657
Rainfall 764.4488 | 7598.182 | o.10 0.9199
Relative humidity 2546.9183 | 2090.97 | 122 0.2236
Tempxsite 1 -6824.945 | 1318.059 | -5.I8 | <0.000I
Tempxsite 2 -7078.373 | 1352.495 | -5.23 | <0.000I
Tempxsite 3 4663.1566 | 1517.146 3.07 0.0022
Tempxsite 4 9240.1615 | 1799.712 | 5.3 | <0.000I1
Tempxsex (female) -1274.876 | 854.2187 | -1.49 0.136

2.3.3 Thermal avoidance behaviour (TAB) and thermal death
time (TDT) experiments

The results of the thermal avoidance behaviour experiment are shown in Fig. 2.2c.
The observed behavioural response of thermal avoidance was well described by a two-
parameter logistic model (R? = 0.92, P < 0.0001) with the following parameters: growth
rate @ = 0.86 + 0.24, thermal inflection point b = 37.46 + 0.37 °C. These results indicate
a rapid shift to behavioural avoidance responses at temperatures above 37.5 °C in the last
instar larvae of Preris naps.

Fig. 2.2d synthesises the results of the static thermal death time experiments. Thermal
death time experiments (TDT) reported an estimate of the temperature resulting in death
at 1 min of exposure (C1},,4) of 51 °C, and a thermal susceptibility constant (z) of 4.11 +
0.33 (°C). The observed TDT relationships for 100% and 50% of mortality are illustrated
in Fig. Aroa. The thermal threshold for a time of exposure equal to the whole larval period
was estimated in 32.5 °C (Fig. A1ob). For a daily exposure of 6 hr to maximum daily tem-
peratures (TE6h, 10 am-16 pm), the TDT curve indicated a thermal threshold of 34.5 °C
(Fig. A1ob). These thermal thresholds were achieved in warm summer days characterised
by mean daily temperature > 25 °C in 2014—2015 (Fig. A1oc).
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2.3.4 Thermal stress during summer drought and microsite
effects

Analysis of meteorological data during 2014—2015 for the four population sites found
that mean June maximum temperatures were in the range of 28—30 °C at three sites (1-3)
and around 25 °C at site 4 (Fig. 2.3a). Maximum daily temperatures reached the exper-
imental TDT thermal thresholds in warm summer days (i.e., for thermal values higher
than the 7sth quantile, Fig. 2.3a). Next, we examined whether host plant microhabi-
tat buffering effects at the four sites could allow reduced maximum temperature values.
Analysis of host plant microsite climatic data (2014-2015) revealed strong buffering ef-
fects only at mid-elevation populations (-5.2 + 0.17 °C), and only for those plants located
at closed microsites (Fig. 2.3b, green rectangles; Table A16). In contrast, in low-elevation
sites we observed limited cooling effects of canopy cover at closed sites (-0.79 + 0.32 °C,
Fig. 2.3, Table A16). Open microsites were characterised by amplified mean maximum
June temperatures (1.9 + 0.18 °C in lowland sites and 3.04 + 0.28 °C in mid-altitude
sites; orange rectangles in Fig. 2.3b). The analysis of daily cycles of temperature varia-
tion showed that temperatures of warm summer days reached values higher than the ex-
perimental TDT thresholds for several hours in open sites (Fig. 2.3¢). In contrast, these
thermal values were not achieved in closed microsites of mid-elevation sites (most values
< 30 °C, Fig. 2.3d). Overall, we conclude that significantly different thermal buffering
effects were observed at lowland and mid-elevation sites, in line with the previously re-
ported trends for butterfly demographic declines and for phenotypic biomarkers (wing
size responses).

2.3.5 Host plant resource dynamics

The analysis of the seasonal patterns of host plant availability and quality (C/N ratio)
revealed important differences between mid-elevation and lowland sites. Mid-elevation
sites were characterised by a continuous availability of fresh Alliaria petiolata leaves dur-
ing the whole summer period and, consequently, by more stable temporal C/N ratios
(Fig. 2.4a). In contrast, at lowland sites, the leaves of the two host plants Lepidium draba
and Brassica nigra presented a significant linear increase in the C/N ratio (indicating a
progressive reduction of host plant quality with the advance of summer and plant phe-
nology). This trend culminated in total leaf senescence at the end of June—early July

(Fig. 2.4b).

Therefore, in contrast to mid-elevation sites, summer drought at the lowland sites
produced a relatively large period (45—65 days) in which we observed a total absence of
fresh leaves due to the complete senescence of the above-ground organs (leaves and shoots,
corresponding to Julian days 190-235 —July 9—August 23— in Fig. 2.4b). In agreement
with these observations, a significant reduction of leaf conductance values was observed
during summer drought (Fig. 2.5). The observed values were below 0.2 mol m=2 s71 (B.
nigra: 0176 + 0.034 mol m=2 s7; L. draba: 0.137 + 0.021 mol m~2 s71). These values
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Figure 2.3: Comparison of June maximum temperature measurements (i.e. mean of the daily maximum
temperatures during June) at standardised meteorological stations and at host plant microsites for 2014-
2015. (a) Meteorological data. The line within the box represents the median. The ends of the box represent
the 25th and 75th quantiles. The lines that extend from the box indicate the following distances: 25th quan-
tile - r.sx(interquartile range) and 7sth quantile + r.sx(interquartile range). The plane yellow dotted line
indicates a thermal threshold of 32.5 °C calculated from the thermal death time (TDT) relationship, cor-
responding to a time of thermal exposure equivalent to whole larval period (LP, see Fig. Aro). The orange
dotted line indicates a 34.5 °C threshold, corresponding to the TDT for 6 hr of daily exposure to maxi-
mum temperatures over the larval period (TE6h). The red dotted line indicates the experimental threshold
for thermal avoidance behaviour (TAB) of 37.5 °C. Different capital letters indicate significantly different
means (Tukey—Kramer test). The grey surface area illustrates the logarithmic decrease in the thermal death
time with linearly increasing temperatures. (b) Temperature—humidity host plant sensor data. Green rect-
angles indicate the observed habitat buffering effect in Celsius degrees at host plant microsites relative to
standardised meteorological records. Orange rectangles indicate the observed thermal amplification of host
plant microsites relative to standardised meteorological records. (c and d) Observed daily variation of June
temperatures at two host plant microsites characterised by contrasting buffering trends (¢, open microsite,
lowland site; d, closed microsite, mid-elevation site). A spline fit (black line) indicates the mean trend ob-
served. A smooth surface illustrating the density of data points is provided (total range of observed June
temperatures). Red contour lines indicate maximum point density. The contour lines are quantile con-
tours in §% intervals (i.c. % of the temperature measurements are below the lowest —blue— contour, 10%
are below the next contour. The highest —red— contour has about 95% of the thermal values below it).

matched the range of conductance values reported in water stress experiments for Bras-
sica species in stressful conditions (Annisa et al., 2013; Guo et al., 2015). Complemen-
tary results for photosynthetic rates (A) and substomatal CO; concentrations (c;) for L.
draba are reported in Fig. Axr.

In accordance with these trends, significantly higher temperatures at the leaf surface
in relation to air temperature were recorded during the peak of summer drought (Tukey-
Kramer test, L. draba: R? = 0.64, P < 0.000y B. nigra: R* = 0.56, P < 0.0001, Fig. 2.4¢
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Figure 2.4: Observed annual variation of leaf host plant quality (C/N content ratio). Higher C/N ratio
corresponds to lower host plant quality. (a) Observed trends at mid-elevation site 3. (b) Low-elevation sites
1and 2. The grey surface area illustrates the summer drought period.

and d). Similarly, with the onset of summer season, midday leaf temperatures signifi-
cantly increased (L. draba: Tjyne — Thray = 14.5 °Cs B. nigra: Trune — Thiay = 14.4 °C;
Tukey-Kramer test: P < 0.0001). As a result, midday leaf temperatures in June reached
37.56 + 0.35 °C in B. nigra, and 38.16 + 0.52 °C, in L. draba (Fig. 2.sc and d). In summary,
during the peak of summer drought, the results for lowland plants indicated significant
reductions in leaf quality (increased C/N ratios), significantly reduced conductance val-
ues (g5 < 0.2 mol m~2 s71) and significantly increased leaf surface temperatures.

2.4 Discussion

Our results indicate that a decadal trend of increased summer drought has triggered
long-term declines of P. napi populations at lowland sites (Fig. 2.1). In contrast, the anal-
ysis of microclimatic conditions experienced by mid-elevation populations suggests a key
role for habitat buffering processes in these sites. Mid-elevation populations presented
significantly stronger thermal buftering effects in closed habitat microsites (a sixfold in-
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Figure 2.5: Observed monthly variation of leaf conductance for lowland plants Lepidium draba (a) and
Brassica nigra (b). The line across each diamond represents the mean. The vertical span of each diamond
represents the 95% confidence interval. Leaf conductance is linked to plant transpiration and leaf energy
balance, and hence to the ability of the plant to cool itself under heat stress. (c and d) Observed midday
June temperatures of the leaf surface of low-elevation host plants L. draba (upper panel) and B. nigra
(lower panel). Temperatures were significantly higher than air temperatures synchronously recorded using
LICOR 6400 portable photosynthesis system (indicated as 477 in the panels). Expected thermal death
time for P. napi is provided in the right axis for the amplified leaf surface temperatures. The line within
the box represents the median sample value. The ends of the box represent the 25th and 7sth quantiles.
The grey surface area illustrates the logarithmic decrease in the thermal death time with linearly increasing
temperatures.

crease), and as a result, individuals were characterised by comparatively larger butterfly
wing sizes than butterflies from lowland populations exposed to similar conditions of
environmental thermal stress without access to thermal buftering micro-refugia (Figs. 2.2
and 2.3). Moreover, a continuous availability of high-quality leaf resources with low C/N
ratios was observed only at mid-elevation sites, in non-declining populations (Fig. 2.4).
In contrast, lowland host plants showed a progressive seasonal reduction of leaf nitrogen
content, possibly associated with the seasonal advance of the flowering and fruiting phe-
nological cycle (Fig. A12). In line with this finding, previous studies have documented a
decrease in crude protein and digestible fibre after flowering in L. draba (Jacobs, 2007).
Finally, consistent effects of summer drought were observed in the leaf conductance of
L. draba and B. nigra, the two lowland host plants, resulting in turn in significantly in-
creased leaf surface temperature. In addition to these combined drought and leaf heat
stress impacts, lowland populations also experience periods of host plant resource scarcity
(during late July—August), which are in turn associated with a decrease in abundance
due to pupal aestivation (Fig. 2.4). Overall, our results suggest that butterfly population
vulnerability to long-term drought periods is associated with multiple co-occurring and
interrelated ecological factors, including limited vegetation thermal buffering effects at
lowland sites, significant drought impacts on host plant transpiration and amplified leaf
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surface temperature, as well as reduced leaf quality linked to the seasonal advance of plant

phenology.

June maximum daily temperature values recorded by host plant thermal sensors at
open lowland microsites ranged from 22 °C to 42 °C (Fig. 2.3). Experimental studies
in Pieris butterflies in thermally variable environments have been conducted (i.e. treat-
ments of short-term heat stress exposure in daily cycles, mimicking natural daily vari-
ability). These treatments report strong negative effects on larval growth rates and con-
sumption rates for temperatures above 39 °C (Kingsolver, 2000; Kingsolver et al., 2006).
In addition, it has been recently reported that thermal conditions above 35 °C can sig-
nificantly increase egg and young larvae mortality in other model species (Klockmann
et al., 2017a). In line with this finding, we observed a significant negative effect of re-
duced larval size in thermal death time responses in P. nap: (F' ratio = 9.67, P = 0.031,
Table Ary, indicating a significantly increased susceptibility of younger larvae to thermal
stress. In the case of . napi habitats, we observed that at open lowland microsites a large
percentage of the maximum daily temperature records (97.5%) were below 37.5°C and
more than 90% were below 35 °C (i.e. most of the values were not surpassing the thermal
threshold of 34.5 °C estimated in TDT experiments for a daily exposure of 6 hr to maxi-
mum temperatures). Therefore, and according to the available experimental evidence in
Pieris butterflies and other species, these thermal regimes should not necessarily impose
a strong negative impact on the survival, consumption rates, and growth rates of larvae
if conditions of optimal host plant quality and reduced leaf drought stress were simulta-
neously met (Kingsolver, 2000; Kingsolver et al., 2006). In line with these findings, we
measured reduced leaf quality and water stress conditions in host plants at open lowland
microsites during the summer period. We observed that in open exposed sites, ampli-
fied leaf surface temperatures and reduced transpiration could significantly increase host
plant temperature (Fig. 2.4), surpassing the experimental thresholds estimated (i.e. TDT
for TE6h and TAB). Of note, previous experimental works demonstrate significant inter-
actions in combined heat stress and altered host plant quality treatments, often resulting
in stronger negative impacts on butterfly larval growth rates (e.g. Jones et al., 1982; King-
solver, 2000). In addition, pupal mass has been positively associated with fitness and total
lifetime egg production in the genus Pieris (Jones et al., 1982; Wiklund and Kaitala, 1995).
Consequently, direct negative impacts of body size reductions on population demogra-

phy should not be discarded.

Our results also documented summer drought impacts on host plant ecophysiology.
The observed reductions of leat conductances at the peak of summer drought (values <
o.2molm™2s71)arein line with the quantitative values reported for Brassica rapa in com-
prehensive water stress experimental treatments (Fig. 2.5; Annisa et al., 2013; Guo et al,,
2015). Under strong drought stress, host plants are expected to progressively reduce leaf
water content and transpiration. This could potentially affect butterfly population de-
mography because leaf water content is known to be an important factor for larval devel-
opment (Scriber, 1977; Slansky and Feeny, 1977; Soo Hoo and Fraenkel, 1966). Moreover,
leaf transpiration and leaf water content are key characters driving host plant selection by
females in Preris butterflies (Myers, 1985; Wolfson, 1980). The same is true for leaf nitro-
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gen content, which also limits larval development and is a key trait in female host plant
selection (Myers, 1985). Finally, leaf water and nitrogen content are generally positively
correlated in Brassica host plants used by Preris species (Mattson, 1980) and are also posi-
tively and significantly related to transpiration rates (Myers, 1985). On top of this, our re-
sults indicated a key role of decreased June rains on long-term population declines and in
addition reported a significant reduction of leaf conductance in the transition from May
to June at lowland areas (Fig. 2.5). Our study also highlights the potential importance of
seasonal trends in leaf phenology, which in turn determine C/N content and host plant
quality (Kause et al., 1999; Kriedemann, 1968). To our knowledge, these factors have been
seldom considered as contributing factors determining butterfly population vulnerabil-
ity to increased drought impacts.

Overall, this study identifies multiannual trends in summer drought as a primary
driver of long-term demographic declines of 2. napi. Crucially, nearly 70% of the but-
terfly species in this hot spot region for European butterflies are currently affected by
significant population declines (Melero et al., 2016; Stefanescu et al., 2011a,b). Landscape
changes and climatic drivers have been considered as the principal candidate drivers of
these widespread declines, but their relative role and the ecological mechanisms implied
are still poorly described for most of the species. In this context, our study clarifies the
importance of summer drought as a key primary driver in 2. zapi in the studied popu-
lations and sheds some light into some of the ecological mechanisms implied (i.e. veg-
etation thermal buftering, phenology effects on plant quality, and changes in host plant
water transpiration and leaf water content). It remains to be assessed whether these mech-
anisms could also apply to other populations of 2. zapi in Catalonia and to other butter-
fly species. In this regard, it is important to bear in mind that our analyses are restricted
to abundant populations located in protected areas. The reported trends could possibly
differ in lowland and mid-land populations currently affected by increased urbanisation
pressures, intensified land use changes, pesticide managementimpacts and land abandon-
ment (Stefanescu et al., 2011a,b). Moreover, the results do not describe the responses of
P. napi populations that rely on other host plants in Catalonia (e.g. Cardamine praten-
sis and Arabis glabra). The host plant-specific mechanisms described in the paper may
non-necessarily apply to these populations.

Finally, our study suggests that wing and body size measures are reliable phenotypic
biomarkers of the geographic variability of thermal stress exposure in the studied popula-
tions, providing an indirect indicator of limited habitat thermal buffering conditions for
these specific populations. In our field and experimental datasets, the percentage of re-
duction of wing size per degree Celsius (as defined in Forster et al., 2012) was in the range
of 1-2% (regression slope for normalised experimental data: -1.56 + 0.25, PP < 0.00071; re-
gression slope for normalised field data: -1.80 + o.11, P < 0.0001). This trend is consistent
with the experimental slopes reported for body size—temperature relationships in other
temperate butterfly species exposed to similar experimental thermal treatments (Forster
etal., 2012, and see Fig. A13 for some examples). More detailed quantitative studies of the
effects of thermal stress on survival and fecundity functions in this species are required
to estimate the critical size values associated with negative effects on insect performance
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and the associated thermal threshold (P* and 7™ values, see Appendix A.2 for further
discussion). Moreover, we show that complementary analyses of host plant dynamics
are highly informative and necessary, due to the multiple ecological processes that seem
to be co-acting and interacting (Nygren et al., 2008; Talloen et al., 2009). In summary,
this study indicates that phenotypic thermal biomarkers are informative as climatic stress
indicators but should be complemented, whenever possible, by multitrait frameworks
analysing host plant ecophysiological responses and by detailed microclimatic measure-
ments.
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3.1. Introduction

3.1 Introduction

Global fingerprints of the eftects of climate change on insect populations have already
been reported (Boggs, 2016). The responses of insects to these climatic trends are, how-
ever, largely variable between species, geographic areas and even between populations of
a particular species. Multiple processes that operate at the local scale can shape the cli-
matic exposure and sensitivity of insect populations, modulating therefore their vulner-
ability to climatic impacts (see Carnicer et al., 2017, for a revision). Among the many
mechanisms determining differential exposure to climate there are microclimatic varia-
tion produced by the interaction of macroclimatic conditions with biotic and abiotic
elements of the environment (Woods et al., 2015), and plastic variation in thermoregula-
tory behaviour of insects. For example, Bennett et al. (2015) found that interpopulation
variability in phenology, oviposition behavior, and the use of host plants and microhab-
itats in the butterfly Euphydryas editha produced a geographic mosaic of populations
with different microclimatic and thermal exposures. This represented a case where com-
plex local adaptation of the different populations of E. editha conferred them contrasting
vulnerability in front of climate change.

Substantial progresses have been made to understand the underlying mechanisms
driving the responses of insect populations to climate change. Nonetheless, most of the
studies focus on the direct effects of climate on the phenology and the population dynam-
ics of insects, modulated by insect’s plasticity and local adaptations (Boggs, 2016; Carnicer
etal., 2017). Other species that interact with the population of study may also be affected
by climate change, however. Considering the additional indirect effects of climate change
coming from the responses of insect’s interacting species would, therefore, improve our
understanding of the climatic impacts on insect populations. Phenological mismatches
between insects and their host plants or nectar sources are one of the most common cases
of study of the effects of climate change on plant—insect interactions (Donoso et al., 2016;
Hindle et al., 2015; Singer and Parmesan, 2010). To our knowledge, the influence on in-
sect populations of plastic responses to climate change in other plant traits different from
phenology, however, have rarely been considered.

Our study assessed the potential role of host-plant plasticity on the mediation of the
impacts of summer drought on a declining population of a drought-sensitive butterfly
(Pieris napi) in the northwestern Mediterranean. A recent study that was partly carried
out in Aiguamolls de PEmporda Natural Park associated the long-term decline of this
butterfly population with a decadal trend of increased summer drought (Carnicer et al.,
2019). The study also identified diverse mechanisms operating at the local-scale modulat-
ing the effects of drought on the declining population. Detailed measurements of micro-
climatic conditions and of a phenotypic biomarker indicative of the thermal conditions
during larval development (i.e. adult wing size) showed that the population lacked an ef-
fective thermal buffering from vegetation (Carnicer et al., 2019). Ecophysiological assays
of larval heat tolerance of this population indicated that this thermal exposure was not
necessarily lethal, conferring to host-plant quality and availability a crucial role in the but-
terfly declining trend. Here we describe the phenological cycle of P. napi and of its two
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host plants in the area to assess their phenological match. We also quantify the variation
of several host-plant traits crucially affecting plant quality and resource availability. More
precisely, we analyze the variability of host-plant traits observed both in the field and in
experimental assessments. Our main aim is to evaluate whether host-plant plasticity can
effectively modulate the responses of this P. zap: population to drought.

3.2 Methods

3.2.1  Study system

We studied the green-veined white butterfly Pieris naps (Fig. 3.1) and its two main
host plants in a protected area (Aiguamolls de "Emporda Natural Park, Catalonia) at the
northeastern Iberian Peninsula. This butterfly is commonly spread across Eurasia, North
Africaand North America (Vila etal., 2018), though it shows a clear preference for humid
habitats. In Catalonia, it is found throughout the country except in its driest areas. The
study site, located in a coastal wetland, holds one of the most abundant populations of .
napi in Catalonia, despite showing a negative trend. Adults can be detected in this area
from late winter to autumn in four—five partially overlapped generations, except in late
summer, when abundance is much reduced. Most eggs are individually laid on the leaves
of Lepidium draba and Brassica nigra, although oviposition on other crucifers such as
Coronopus squamatus has occasionally been observed too (Stefanescu, 1997).

The heart-podded hoary cress (Lepidium draba) is a perennial, rhizomatous herb
usually found in ruderal areas and field margins with deep soil. Flowering individuals
can be detected from March to June. Plants die back to the root crown after seed de-
velopment (Jacobs, 2007) and all the aboveground parts completely disappear until new
resprouts emerge from subterranean rhizomes in late summer and autumn. Its extensive,
multi-branched rhizomes are notably capable of producing many new shoots, which can
develop into large monocultural stands (Francis and Warwick, 2008). The black mustard
(Brassica nigra), in contrast, is a cultivated, annual herb that has been naturalised in hu-
mid grasslands. Individuals complete their life cycle in late-spring—early-summer and no
new plants can be found until the next growth season. At the study site, both plantspecies
are present in a diversity of habitats, from open fields and wetlands to riparian forests and
dense shrublands. The plants selected for oviposition by P. napz, however, usually grow
in microhabitats presenting an intermediate degree of canopy closure (Vives-Ingla et al.,
2023), in the margins of paths and irrigation canals protected by the surrounding vegeta-
tion (Stefanescu, 1997).

3.2.2 Pieris napi abundance

Weekly abundance of P. nap: was recorded in the study site from 1993 to 2018, as part
of the Catalan Butterfly Monitoring Scheme (CBMS, www.catalanbms.org). The CBMS
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Figure 3.1: A green-veined white butterfly (Pieris napr) nectaring from a crucifer. Pieris napi lays most of
their eggs on plants from the Brassicaceae family linked to humid habitats. Photograph: Vlad Dinca.

applies a standardised recording procedure (i.e. Pollard walks) consisting of weekly counts
along fixed transects from March to September (30 weeks per year). The recorder counts
all individuals of all butterfly species seen within 2.5 m on each side and § m in front of
the trail (Pollard and Yates, 1993). For the current work, an index of weekly abundance
of P. napi for each recording day was calculated as the number of butterflies seen divided
by the length of the transect (in km). A LOESS analysis against Julian day including the
data of all the years was then applied (neighborhood parameter & = 0.2) to determine the
mean phenology of P. napi at the study site. The analyses were conducted with R 3.6.1
(R Core Team, 2019) and were repeated for each year separately to assess phenological
variation between years.

The phenological curves were divided into four generational periods: March—April,
May-June, July, August—September. Additional abundance indices were then calculated
at the annual and generational scales as the sum of weekly abundance indices of each
period (i.e. the area under the phenological curve). General linear models were applied
on the annual and on the four generational abundances against year to determine their
decadal trend. The analyses were also repeated applying a polynomial fit.
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3.2.3 Monitoring of host-plant traits and microclimatic
conditions

Two local cohorts of L. draba (282 individuals) and B. nigra (39 individuals) were
continuously monitored from March to October of 2017 every two weeks. Each moni-
toring date a total of 15 individuals of L. draba and 6 individuals of B. nigra were selected
to measure their microclimatic conditions and several phenological, morphological and
physiological traits. For each host plant species, the selection included individuals grow-
ing in different microhabitats in terms of canopy closure (3 individuals per microhabitat)
and ensured that plants were randomly chosen without repetition to avoid pseudorepli-
cation. Replicated foliar measurements were conducted in one apical, one medial and
one basal leaf per plant.

Microclimatic measurements included canopy closure, the volumetric water content
of the soil and the foliar temperature. The measurement of canopy closure (i.e. “the pro-
portion of the sky hemisphere obscured by vegetation when viewed from a single point”,
Jennings, 1999) consisted in visually estimating the per cent area occupied by the canopy
assigning it to one of the cover classes defined by Daubenmire (1959) (0-5%, 5-25%, 25-
50%, 50-75%, 75-95%, and 95-100%) and taking its midpoint. The ocular estimation was
conducted in each one of the vertical and the four cardinal directions and the average
value was kept. Five microhabitat categories were then defined based on the estimations
of canopy closure: closed (C, mean closure of 40% for B. nigra and 60% for L. draba),
semi-closed (SC, 55% for L. draba), semi-open (SO, 40% for L. draba), open (O, 20%
for B. nigra and o% for L. draba), and very open (OO, 0% and a very dry soil for L.
draba). Soil humidity (%) was measured at three points near each plant usinga DELTAT
SMiso (Delta-T Devices Ltd, UK) soil-moisture sensor kit. Foliar temperature at its up-
per surface was measured using a wire K-type thermocouple probe (Omega SC-TT-KI-
30-IM, Omega Engineering Ltd, UK) attached to a hand-held thermocouple thermome-
ter (Omega HHs03, Omega Engineering Ltd, UK, and HANNA HI93s500sN, Hanna
Instruments Ltd, Spain). Average measurements (at least three records) were kept. The
temperatures were measured between 10:00 and 16:00, and the time, wind and radiation
conditions were recorded.

Foliar length, width, and chlorophyll content were measured in each monitored plant.
Chlorophyll content was estimated as the mean of three measurements from a MINOLTA
SPAD-s02 (Konica Minolta Sensing, Spain) chlorophyll meter. Finally, leaves were sev-
ered and immediately weighed (fresh weight, FW) using a Pesola PJSo20 Digital Scale
(PESOLA Prizisionswaagen AG, witzerland) for calculating foliar water content. The
leaves were oven-dried in the laboratory at 6o °C for two days to a stable weight (dry

weight, DW). The ratio of foliar water content (to DW') was defined as %'
An independent phenological census for each microhabitat type was conducted select-
ing 15 individuals for each plant species. Plants were classified in one of four phenological
stages: early vegetative (spring rosettes and young shoots before budding), reproductive
(plants with buds, flowers, and/or fruits), senescent, and summer resprout (for L. draba).

Summer resprouts of L. draba can represent a key resource for summer generations of P,
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napi. A census of newly emerging resprouts of L. draba was thus conducted since July,
when the first shoots grew from resprouting rhizomes. Five 25-cm quadrats were ran-
domly placed in each microhabitat type. The total number of resprouts per unit area
was counted (i.e. resprout density), and three resprouts per sampling quadrat were then
randomly selected for measuring their heights and counting their total numbers of leaves.

Changes in the daily proportion of individuals at each phenological stage was assessed
using LOESS smoothing in each species (neighbourhood parameter @ = o.5). We also
used LOESS regression between each host-plant variable and Julian day to assess the sea-
sonal progression of plant quality for insect oviposition and hosting. The regression fit
was applied separately to each species. The trends for L. draba variables were grouped by
plant developmental period (i.e. flowering spring plants vs summer resprouts). Micro-
climatic and host-plant variables were also modelled against microhabitat type applying
an ANOVA followed by a post-hoc Tukey HSD test with the emmeans package (Lenth,
2020). The distance between the different monitored microhabitats was short (i.e. less
than 10 m for B. nigra, and less than 70 m for L. draba, except for the more open mi-
crohabitats which were 700 m apart from the others), suggesting no strong barriers to
gene flow between microhabitats during reproductive and seed dispersal periods. Conse-
quently, host-plant variation between microhabitats was therefore assumed to capture
more strongly plastic responses in host-plant development to different microenviron-
mental conditions (e.g. light, soil humidity and temperature) rather than genetic varia-
tion between microhabitats. We evaluated the relative contribution of plant phenological
stage and microhabitat (as a partial proxy of host-plant plasticity) on host-plant quality
(i.e. foliar chlorophyll and water contents) by applying a two-way ANOVA. Significant
interactions between phenology and microhabitat were included in the analyses. Foliar
temperatures of host plants ultimately determine the thermal conditions experimented
by the eggs and the growing larvae of P. napi. To assess the potential role of drought on
the thermal conditions of the leaves a general linear model was also fitted on plant foliar
temperature against soil humidity, canopy closure and plant height. All the analyses were
conducted with R.

3.2.4 Experimental assessment of rain-induced plasticity in
host-plant rhizomes

The availability of fresh resprouts of L. draba during summer and autumn can be
determinant for the performance of P. napi late generations (August—October). Know-
ing the factors driving the resprouting capacity of L. draba rhizomes could thus shed
some light into the local-scale mechanisms affecting host-plant availability and the pop-
ulation dynamics of P. napi. We hypothesised that summer rains could induce plastic
development of adventitious buds of L. draba rhizomes into green new shoots favoring
the recovery of late generations of P. napi. To assess this hypothesis, we performed a sim-
ple experiment of the plastic resprouting capacity of L. draba rhizomes in response to
simulated summer rains.

Twenty-four rhizomes were collected at the study site on July 2017 and were divided
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in three watering treatment groups (8 rhizomes per treatment) simulating three different
scenarios of summer rainfall (T-s, T-10, T-75). T-5 simulated a dry July (s mm month™1,
corresponding to the first quartile of July rain distribution for 1993—2016), T-10 corre-
sponded to a moderately dry July (to mm month™!, second quartile of the rainfall distri-
bution for this month in meteorological records). Finally, T-75 simulated an extremely
wet July (75 mm month ~1, percentile 90). The length and the width of the rhizomes
were measured before the transplant, and the initial adventitious buds they presented
were counted. Each rhizome was then planted in a random pot in the laboratory with a
standardised soil composition (45% of autoclaved peat, 45% of sand and 10% natural soil
inoculum). Air temperature and radiation were continuously recorded using an LCpro+
System radiometer (ADC BioScientific Ltd., Hertfordshire, UK). Pots were watered twice
per week and their positions were randomly modified. We recorded the height, the num-
ber and the length of the leaves of emerged resprouts. In addition, we measured soil hu-
midity before and after watering, soil temperature and foliar chlorophyll. At the end of
the experiment, fully-developed leaf samples were collected in order to measure their wa-

FW-DW
ter content (% ).

3.3 Results

3.3.1 Decadal trends and phenology of Pieris napi

The annual surveys of the CBMS completely recorded the first three generations of
P. napi at the study site (Fig. 3.2A). The first generation (Gi) was usually found between
Julian day 60 (early March) and Julian day 120 (late April), the second one (G2) on Julian
days 140-180 (May-late June), and the third one (G3) on Julian days 180-210 (July). Dur-
inglate July and August, the abundance of P. napi sharply decreased until late Augustand
September, when the beginning of a fourth generation (G4) was usually detected before
the end of the CBMS survey. The phenological curves, however, greatly varied between
years (Fig. 3.2). Adults in flight during late summer could be detected in some years, even-
tually conforming an August generation (e.g. 1997, Fig. 3.2B, and 2011, Fig. 3.2C). These
years presented the wettest summers in the study site from 1993-2018 based on the annual
SPElindex during June—August (a multi-scalar drought index calculated from data of lo-
cal rainfall and temperature following Begueria and Vicente-Serrano (2017)). Dry years
with low summer SPEI values, in contrast, presented a longer and sharper reduction of
butterfly abundance during August (Fig. 3.2D), even affecting G3 in July (Fig. 3.2E).

The data gathered by the CBMS during 1993-2018 confirmed a significant decline in
annual abundance of the studied butterfly population (Fig. 3.3A). Significant negative
trends at a generational scale could only be detected for summer generations (i.e. G3 and
G4) while no significant trend was observed for G1 and Gz (Fig. 3.3B—E). The results of
the polynomial fits were highly similar to the linear models and are thus not included.
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Figure 3.2: Flight phenology of Pieris napi in the study site. A: Mean phenological curve (black line) of
the period 1993-2018. Each year is colored depending on the value of the SPEI drought index calculated
for summer months (June—August) following Beguerfa and Vicente-Serrano (2017). Low, reddish values
correspond to dry summers; while high, blueish values to summers with high rainfall and low temperatures.
B, C: phenological curves of the years with two of the wettest summers. D, E: years with two of the driest
summers. MR to SP, months from March to September; G, first generation; Gz, second; G3, third; and
G4, fourth.

3.3.2 Phenological and plastic variation of host plants

Butterfly and host-plant phenologies recorded in 2017 were compared to assess their
temporal match (Fig. 3.4). Brassica nigra had completely fructified (Fig. 3.4A) and L.
draba had already started to senesce (Fig. 3.4B), during the peak of flight of G2 (around
the Julian day 150, Fig. 3.4C). A parallel decay of foliar chlorophyll and water contents and
an increase of foliar temperature were initiated in host plants at this time and maintained
during the period of development of eggs and larvae from the G3 (Fig. 3.4D-F). The
emergence of adults of G3 coincided with the senescence of B. nigra (Fig. 3.4A) and the
complete absence of aboveground organs of L. draba (Fig. 4.4B). Eggs and larvae of G4,
therefore, could uniquely rely on the appearance and availability of fresh, new resprouts
of L. draba.

Microclimatic conditions (i.e. canopy closure, soil humidity and foliar temperature)
significantly varied between the different microhabitats (Fig. 3.5A-F). Open microhabi-
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Figure 3.3: Linear trends of Pieris napi abundance in the study site. A: annual resolution, B: first genera-
tion, C: second generation, D: third generation, E: fourth generation.

tats presented higher temperatures (Fig. 3.5E and F) and drier soils (Fig. 3.5C and D). Host
plants growing in these microhabitats accordingly presented significant differences in fo-
liar traits associated with host-plant quality (Fig. 3.5G-]J). Lower values of foliar water
content were measured in open microhabitats (Fig. 3.5 and J), whereas foliar chlorophyll
was inferior in closed microhabitats (Fig. 3.5G and H). Lepidium draba also showed con-
trasting patterns of summer resprouting between microhabitats (Fig. 3.6). The micro-
habitats that were more open presented significantly higher densities of resprouts, with
more and longer leaves. Significant differences in microclimatic conditions and host-
plant traits between microhabitats were also maintained during the resprouting period.
The resprouts of L. draba appeared in mid-July, but they remained as short rosettes until
September, when they notably grew in plant height, number of leaves and foliar length,
coinciding with an increase of rainfall.

Both the plant phenological stage and the type of microhabitat strongly determined
variation in host-plant quality across the whole year, as the results of the two-way ANOVAs
indicated (Table 3.1). A greater relative contribution of phenology on the variation of ei-
ther the chlorophyll or the water contents was however found in the majority of the anal-
yses comparing the /" value of both factors and its interaction. Foliar temperature of the
two host plants significantly increased with the reduction of soil humidity (Table 3.2).
Canopy closure also negatively influenced foliar temperature of both species while plant
height only had significantly negative effects on Lepidium draba.
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Figure 3.4: Seasonal progression of the phenology and quality of the host plants and the butterfly recorded
in 2017. A: phenology of Brassica nigra. B: phenology of Lepidium draba. C, G: phenology of Pieris napi.
The panel is repeated to facilitate the comparison between the seasonal trends. D, E and F: foliar traits
associated with host-plant quality. The grey area indicates the absence of green host plant because of its
senescence, corresponding to the period when non-senescent individuals are less than s0% of the total.
Veg: vegetative plant, Rep: reproductive, Sen: senescent, Res: summer resprout. Gr: first generation, Go:
second, G3: third, G4: fourth.

3.3.3 Plastic resprouting of Lepidium draba in response to
simulated rain

Summer rhizomes of L. draba showed significant responses to water treatments (Fig. 3.7).
Higher water availability resulted in earlier resprouting responses (Fig. 3.7A) and increased
resprout height (Fig. 3.7B). In addition, the interaction between water treatment and time
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(P < 0.0001) in an ANCOVA model predicting resprout height was statistically signif-
icant, indicating higher growth rates with increased water availability (Fig. 3.7B). The
initial number of resprouting buds were not differently distributed between treatments
(one-way ANOVA P = 0.17). Confounding eftects of this initial variable could thus be
discarded. Different water treatments consistently originated different conditions of soil
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Figure 3.6: Resprout denstiy (A), number of leaves (B), and foliar length (C) of the summer resprouts
of Lepidium draba emerging in different microhabitats. Different letters indicate significant differences
of the response variable between the microhabitat types in the Tukey HSD test. C, closed microhabitat;
SC, semi-closed microhabitat; SO, semi-open microhabitat; O, open microhabitat; and OO, very open
microhabitat.

Table 3.x: Two-way ANOVAs applied to foliar chlorophyll and water contents for the two host plants
during all the monitoring period. R?, adjusted coefficient of determination of the model; df, degrees of
freedom; and S'S, sum of squares.

Species Response Explanatory df SS F P
Microhabitat 1 1947 21.0I | <0.000I
(C}l{léoro(g) }é}gl Phenology 2 3866 20.87 | <0.0001
P <0.0001) Microhabitat x Phenology | 1 26 0.28 0.6002
Brassica ' Residuals 102 | 9450
nigra Foliar water Microhabitat 1 845 14.48 0.0003
(R? = 0.67; Phenology 2 10435 | 89.44 | <o.o00I1
P<0 0001’) Microhabitat x Phenology | 1 3 0.06 0.8117
’ Residuals 90 5250
Microhabitat 4 13281 | 48.06 | <o.000I1
8}%%0{05 };ylll Phenology 3 40236 | 194.16 | <0.0001
P<0 0601’) Microhabitat x Phenology | 9 3612 5.81 0.000I
Lepidium ) Residuals 30 | 21484
draba Foliar water Microhabitat 4 | 20957 | 38.98 | <o.0001
(R? = 0.77; Phenology 3 | 126756 | 314.39 | <0.000I
P <0.0001) Microhabitat x Phenology | ¢ 1723 L.42 0.1766
’ Residuals 310 | 41663

3.4 Discussion

3.4.1 Phenological match between Pieris napi and its two host

plants

Here we examined the temporal and spatial variation at the local-scale of the two host
plants used by a declining population of the butterfly Prers napi. Previous studies have
associated the decline of the population with summer multidecadal drought (Carnicer
et al,, 2019). Our study confirmed that the negative trend in annual abundance of the
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Table 3.2: General linear model of foliar temperature for the two host plants during all the monitoring
period. R?: adjusted coeflicient of determination of the model.

Species Response Explanatory | Estimate | Std. Error | ¢ P
Foliar Intercept 26.35 1.38 19.1 | <0.0001
Brassica | temperature Soil humidity -0.23 0.05 -5.0 | <0.000I
nigra (R?=0.32 Canopy closure 0.15 0.05 2.9 0.0054
P <0.0001) Height 0.01 0.01 L3 0.1835
Foliar Intercept 35.65 0.72 49.5 | <o0.000I
Lepidium | temperature Soil humidity -0.29 0.03 -9.7 | <o.0001
draba (R? =0.33; Canopy closure -0.06 0.01 -5.7 | <o.000I1
P <0.0001) Height -0.04 0.01 -4.6 | <0.0001
A B
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Figure 3.7: Experimental assessment of the plastic responses of summer rhizomes of Lepidium draba to
simulated rains. A: Day of emergence of the resprouts between the three water treatments. Diamond plots
indicate the 95% confidence interval for each treatment (vertical span) and the mean (midpointline). Means
that are not labelled by the same letter are significantly different. B: Temporal progression of resprout’s
heightin the three water treatments. Slopes were significantly different (ANCOVA test). Water treatments:
s L m™2 month™! (T-s, purple), 10 L m™? month™ (T-10, pink), 75 L m ™2 month™* (T-7s, yellow).

population persists (Fig. 3.3A). At a generational scale, a significant decreasing slope was
only detected in the summer generations (i.e. G3 and G4), pointing to summer season as
a key period for this population (Fig. 3.3). The phenological curve of the species in the
study site indicated that the abundance of the butterfly is usually reduced in the second
half of the summer (Fig. 3.2A). This reduction was especially sharp in the driest sum-
mers of the analyzed period (1993-2018), and could even affect the development of the
July generation (Gs3, Fig. 3.2D and E). All these results give further support to summer
drought as a key driver of the dynamics of the population.

Climate can drive the dynamics of insect populations both directly and indirectly due
to its effects on other species that interact with the focal species (Boggs and Inouye, 2012).
In our study system, the seasonal decrease in host-plant quality had been suggested to have
a synergistic negative role on the mediation of the impacts of summer drought on the
declining butterfly (Carnicer et al., 2019). Here we assessed how the phenological curves
of P. napi and of the two host plants match in order to identify the periods when host
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plants could have limiting and detrimental effects on butterfly performance (Fig. 3.4).
While larvae from Giand G2 had access to abundant and green host plants, we observed
that later, summer generations grew in periods with resource of low quality (G3) or low
availability (G4). The larval development of G3 coincided with the senescence of host
plants (Fig. 3.4A—C) and the drastic decay of their foliar chlorophyll and water contents
(Fig. 3.4D and E). Both host plants completely disappeared after senescence until new
resprouts of L. draba emerged. Summer resprouts, however, did not fully develop until
September rains. The development of larvae of G4, hence, was much more limited by
host-plant availability than by quality.

The reduction of butterfly abundance in the second half of the summer, after the
peak of flight of G3, might be associated with this period of low availability of host plants.
Roy and Thomas (2003) found that the seasonal cycle in the availability of host plants was
likely representing an annual bottleneck for marginal populations of the Adonis blue but-
terfly (Polyommatus bellargus). We hypothesise that the scarcity of non-senescent host
plants during late summer could similarly limit egg-laying opportunities of females of G3
and/or increase the mortality of the derived larvae (G4), resulting in the yearly reduction
of butterfly abundance observed in this period (Fig. 3.2). It should be furtherly exam-
ined, however, why this is one of the most abundant populations of Catalonia in spite of
their possible annual bottlenecks. Another complementary and nonexclusive hypothesis
would be that pupae of summer generations could plastically enter to a dormant state
(i.e. estivation or summer diapause) until autumn, avoiding the period of more resource
scarcity and climate stress. Although estivation in P. nap: has never been described be-
fore, summer pupal diapause has been detected in Chilean and Spanish populations of
the closely-related species Pieris brassicae (Benyamini, 1996; Held and Spieth, 1999). Both
the lack of resources for oviposition and larval development (Benyamini, 1996) and the
need to desynchronise the butterfly life cycle from its specialist parasitoid (Spieth, 2002;
Spieth and Schwarzer, 2001) have been suggested as the reasons for these local adaptations.
Experimental tests, rather than field observations (Spieth and Schwarzer, 2001), are fur-
ther required to confirm or reject the estivation hypothesis in our studied population of
Pieris napi.

3.4.2 The role of host-plant plasticity in mediating the impacts
of drought on a declining population of Pieris napi

Most studies that consider plant—insect interactions in the assessment of climatic im-
pacts on insect populations are conducted from a phenological point of view (i.e. the
emerging phenological mismatches as a result of a change in climatic conditions) (see
Donoso et al., 2016, for an example at the study site). Plastic responses to climate in other
plant traits different from phenology, such as plant growth and foliar traits related to their
quality as a food resource, could also exert significant effects, though. Here we monitored
several traits related to the availability and quality of host plants to identify the role of
host-plant plasticity in mediating the impacts of drought on a declining population of
Pieris napi. Foliar chlorophyll and water contents, two host-plant traits usually associ-
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ated to its quality for herbivorous insects (Scriber and Slansky, 1981), significantly varied
between microhabitats (Fig. 3.5). These results suggest that both foliar traits plastically
responded to shifts in microenvironmental conditions. Shifts in host-plant quality, how-
ever, were more strongly driven by phenological progression than by microhabitat (Ta-
ble 3.1). We also found plastic variation in the resprouting dynamics of L. draba, which
presented significant differences in resprout density, number of leaves and foliar length
between microhabitats (Fig. 3.6). The resprouts remained, however, as short rosettes until
late-summer rains, triggering their growth. In line with these observations, we observed
significant differences in the emergence and growth of resprouts between the three water-
ing treatments that simulated three summer rainfall regimes (Fig. 3.7), fully supporting
the hypothesis that the development of L. draba resprouts plastically respond to summer
rains.

Overall, the results suggest that both the phenological and plastic variation of its main
host plants exert an important role in the mediation of local responses of P. napz to sum-
mer drought. We found that the development of G3 coincided with the decay of quality
of host plants, whereas larvae of G4 could be limited by the availability of summer re-
sprouts of Lepidium draba. The quality of host plants was most strongly affected by
their phenological progression, while the availability and growth of resprouts plastically
responded to summer rains. Our results suggest, therefore, that drought impacts on G3
are mainly modulated by the variation in the phenological cycle of host plants. Drier
and warmer conditions during late spring and early summer (May—June) could acceler-
ate the phenological progression of host plants, advancing their decay in quality. These
climatic conditions could also amplify temperatures at the foliar (Table 3.2) and micro-
habitat level, eventually supposing a situation of combined food and thermal stresses for
larval development of G3 (Carnicer et al., 2019; Vives-Ingla et al., 2023). Low quality of
food resources can exacerbate the negative impacts of higher thermal conditions on lar-
val growth, as previous experimental studies in Pieris butterflies have found (Bauerfeind
and Fischer, 20132; Jones et al., 1982; Kingsolver, 2000). Drought impacts on G4, in con-
trast, are more likely mediated by plastic responses of the resprouts of Lepidium draba.
Drier summers could slow down and postpone the emergence and growth of summer
resprouts, affecting therefore the development of the late-summer generation.

Insect responses to climate impacts are shaped by multiple processes occurring at the
local scale (Carnicer et al., 20r7). Most of the studies in this line have described how
microclimatic variability and plastic traits or local adaptation of insects can modulate
their exposure and vulnerability to climate change. Other local-scale processes, such as
host-plant responses to climatic variability, can also mediate climate impacts on insect
populations but they have been, however, less studied. Here we reported diverse and co-
occurring local-scale processes that involve host-plant responses to drought mediating the
impacts of climate on a declining butterfly population. Interestingly, we reported how
host-plant plasticity in traits different from phenology (i.e. rain-dependent growth of
summer resprouts) can also mediate the indirect effects of climate in insects. The diverse
mechanisms suggested here, furthermore, operated in a temporal sequence, affecting dif-
ferent generations. The effects of host plants on G3 would be driven by the impacts of
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early-summer drought on microclimatic conditions and host-plant phenology and qual-
ity, while G4 would be influenced by the plastic responses of L. draba to late-summer
drought.
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4.1. Introduction

Abstract

Ecotoneslinking open and forested habitats contain multiple microhabitats with vary-
ing vegetal structure and microclimatic regimes. Ecotones host many insect species whose
development is intimately linked to the microclimatic conditions where they grow (e.g.
the leaves of their host plants and the surrounding air). Yet microclimatic heterogeneity
at these fine scales and its effects on insects remain poorly quantified for most species.
Here we studied how interspecific differences in the use of microhabitats across ecotones
lead to contrasting thermal exposure and survival costs between two closely-related but-
terflies (Prieris napi and P. rapae). We first assessed whether butterflies selected different
microhabitats to oviposit and quantified the thermal conditions at the microhabitat and
foliar scales. We also assessed concurrent changes in the quality and availability of host
plants. Finally, we quantified larval time of death under different experimental tempera-
tures (TDT curves) to predict their thermal mortality considering both the intensity and
the duration of the microclimatic heat challenges in the field. We identified six processes
determining larval thermal exposure at fine scales associated with butterfly oviposition
behavior, canopy shading, and heat and water fluxes at the soil and foliar levels. Leaves
in open microhabitats could reach temperatures 3-10 °C warmer than the surrounding
air while more closed microhabitats presented more buffered and homogeneous temper-
atures. Interspecific differences in microhabitat use matched the TDT curves and the
thermal mortality in the field. Open microhabitats posed acute heat challenges that were
better withstood by the thermotolerant butterfly, P. 7apae, where the species mainly laid
their eggs. Despite being more thermosensitive, P. nap: was predicted to present higher
survivals than P. 7apae due to the thermal buffering provided by their selected micro-
habitats. However, its offspring could be more vulnerable to host-plant scarcity during
summer drought periods. Overall, the different interaction of the butterflies with mi-
croclimatic and host plant variation emerging at fine scales and their different thermal
sensitivity posed them contrasting heat and resource challenges. Our results contribute
to set a new framework that predicts insect vulnerability to climate change based on their
thermal sensitivity and the intensity, duration, and accumulation of heat exposure.

4.1 Introduction

Vegetation cover locally modifies climatic conditions and generates a microclimatic
regime that deviates from open, free-air, and standardised measurements (i.e. macro-
climate; Geiger, 1950; Stoutjesdijk and Barkman, 2014). The absorption and reflection
of solar radiation and the evapotranspirative cooling of forest canopies bufter macrocli-
matic temperatures and reduce thermal variation in the understory (Bramer et al., 2018;
De Frenne et al., 2021; Zellweger et al., 2020). In contrast, in open areas with short and
sparse vegetation, temperatures near the ground can be more extreme than those recorded
at 2-m and shady conditions (i.e. thermal amplification; Carnicer et al., 2021; Stoutjesdijk
and Barkman, 2014; Woods et al., 2015). Narrow ecotones that link open and forested
habitats (hereafter termed open-closed ecotones) generate multiple microhabitats with
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varying vegetal structure, potentially exposing the organisms they harbour to contrasting
microclimatic conditions. Here we studied how interspecific differences in microhabitat
use across ecotones shape the thermal exposure and the associated costs to survival of two
closely-related butterflies.

Microclimatic variation determines the thermal experience of the organisms and has
important effects on their thermal adaptations and performance (Franken et al., 2018;
Kaiser et al., 2016; Kaspari et al., 2015; Pincebourde and Casas, 2019; Woods et al., 2022).
The scale at which microclimatic measurements are relevant for organisms depends on
their body size and mobility (Kingsolver et al., 2011; Pincebourde and Woods, 202.0; Pince-
bourde et al., 2021). For butterflies, microclimatic variability at the landscape scale is per-
tinent in the adult stage, as they can easily fly and sample between alternative habitats (e.g.
woodland vs grassland; Suggitt et al., 2011, 2012). In contrast, the area that eggs and larvae
can use is much smaller (Courtney, 1986), and thus these less mobile stages will be more
likely affected by the microclimatic variability inside their habitats. Larval stages may be
more likely influenced by the microclimatic conditions of the air bath surrounding them
(at less than ~1 m of distance, i.e. microhabitat), while the microclimate measured at the
plant surfaces might be more important for eggs and small larvae (Kingsolver et al., 2011
Pincebourde et al., 20215 Potter et al., 2009; Woods, 2010, 2013). Microclimatic hetero-
geneity at these fine scales can be particularly high and comparable to that recorded at
macroclimatic scales, but remains poorly quantified for most species (Pincebourde and
Woods, 2020; Pincebourde et al., 2016).

The selection of microhabitat and host plant during butterfly oviposition will affect
the growing environment of the offspring (Fig. 4.1a; Courtney, 1986; Doak et al., 2006;
Forsberg, 1987; Gibbs and Van Dyck, 2009). On the one hand, we expect that shadier
microhabitats will offer buftered microclimates, with dampened thermal variability and
extreme values, while they are amplified in open areas exposed to direct radiation (Fig.
4.1a A-C). On the other hand, we also expect that microhabitat conditions could induce
plastic shifts on many traits that define host plant quality, depending on their shade tol-
erance (Fig. 4.1a D-E; Poorter et al., 2019; Scriber and Slansky, 1981). Variation in host
plant quality can interact with the microclimate experienced by the feeding larvae and
influence their development in complex ways (Clissold and Simpson, 2015).

Butterfly responses to microclimatic exposure will depend on both their thermal ex-
posure and thermal sensitivity (Carnicer et al., 2017). We hypothesise that the two studied
butterflies will show diverging thermal adaptive strategies according to their microhabitat
preferences and the associated thermal regime (Fig. 4.1a F-G). The probability of surviv-
ing heat stress depends on both its intensity and its duration (Rezende et al., 2014). This
relationship can be synthesised by thermal death time (TDT) curves, where the critical
temperature (7},) that an organism can tolerate linearly decreases with the logarithm of
exposure time (¢) following this equation:

Tk?O = CTmaz -z loglo t (41)
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Therefore, thermal tolerance to a heat challenge not only depends on the upper crit-
ical thermal limit (C'T},,4.) but also on the thermal sensitivity (z), which describes the
required increase of temperature to decrease time to death one order of magnitude (Fig.
4.1b). The analysis of the TDT curves of 56 species of insects, bivalves, and fishes has
pointed out that C'T},,, and z are positively and tightly associated (Rezende et al., 2014).
Organisms with a high CT},,,, and 2 are more capable of surviving extreme tempera-
tures, but their critical temperature (7%, ) rapidly decreases with exposure time (Fig. 4.1b,
yellow). In contrast, low z values allow longer survival times at less intense but still stress-
ful temperatures to the detriment of CT,,, (Fig. 4.1b, blue). As a consequence of this
trade-oft, we expect that larvae growing in open microhabitats may show a thermotoler-
ant strategy (high C'7T5,,,, and 2) to cope with the acute stresses of their highly-variable
thermal regime (extreme temperatures for short times). In the same line, we would expect
the opposite, thermosensitive strategy for species selecting shadier microhabitats with less
intense temperatures but longer exposures (i.e. chronic stress).

To assess whether microhabitat variability in open—closed ecotones generates inter-
specific differences in their thermal exposure and the associated costs to survival, we stud-
ied two model species of butterfly: Pieris napi L. 1758 and P. rapae L. 1758. These species
were studied in two Mediterranean sites, which harbour populations of two host plants
with contrasting tolerances to shade, Alliaria petiolata (shade-tolerant) and Lepidium
draba (light-demanding). We first assessed whether the two butterfly species selected
different microhabitats from the open—closed ecotones to oviposit and quantified the
thermal exposure of their offspring both at the microhabitat and foliar scales. We also as-
sessed concurrent changes in the nutritional quality and condition of host plants across
ecotones. Then, we conducted ecophysiological assays of heat tolerance with the larvae of
both species to estimate their TDT curves and determine their thermal sensitivity. Based
on the experimental quantification of larval survival at different temperatures, we finally
applied a dynamic model to predict thermal mortality in field microclimatic conditions.
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Figure 4.1: (a) Narrow ecotones that link open and forested habitats generate multiple microhabitats with

distinct microclimatic regimes. Insects with contrasting thermal tolerances may select different microhab-
itats to oviposit, leading to large interspecific differences in thermal exposure of eggs and larvae. Moreover,
host plants with varying shade tolerances may show different distributions, traits, and conditions across eco-
tones, synergistically affecting larval performance. Overall, concurrent gradients of both biotic and abiotic
processes are produced across ecotones. (b) Thermotolerant and thermosensitive strategies are expected
to evolve under different thermal regimes. The two strategies are characterised by different thermal death
time (TDT) curves, reflecting an evolutionary trade-off between survival capacity at acute, extreme stresses
(thermotolerant) and at chronic, less intense conditions (thermosensitive). Both species exhibit equal sur-
vival times at 7, which represents the thermal threshold between these two alternative thermal strategies.
Silhouettes used in this figure were obtained from rawpixel.com and phylopic.org.


www.rawpixel.com
www.phylopic.org.

4.2. Materials and methods

4.2 Materials and methods

4.2.1  Study system

The thermal exposure of the two species, its impacts, and the concurrent variation in
their host plants were studied in two protected areas of the north-eastern Iberian Penin-
sula, so km from each other (Appendix B: Figs. Brand B2). The sites of study are part of a
long-term monitoring network that provides data on butterfly abundance at a weekly res-
olution since 1994 (i.e. CBMS; Pollard and Yates, 1993; Stefanescu, 2000). They contain
abundant populations of the green-veined white (2. #napz) and the small white (2. 7a-
pae) that have been intensively studied since 2012 (Carnicer et al., 2019; Vives-Ingla et al.,
2020). Site 1 is in a mid-elevation area (539 m a.s.l; Can Jorda, La Garrotxa Volcanic
Zone Natural Park) with a heterogeneous landscape of evergreen and deciduous wood-
lands, meadows, and natural ponds. Site 2 is in a coastal wetland (2 m a.s.L; El Cortalet,
Aiguamolls de "Emporda Natural Park) surrounded by riparian deciduous forests, bush
and bramble thickets, reed beds, and irrigated cropland. The landscape mosaic of both
sites generates spatial gradients of vegetation cover between open and closed habitats and
their transition zones (open—closed ecotones).

Pieris napi and P. rapae are partially syntopic species (i.e. they share some of the mi-
crohabitats for breeding). They co-occur in a wide range of habitats from the sea level to
alpine regions, but P. naps is usually linked to shaded, humid sites while 2. 7zpae is more
common in dry, open areas. Both butterflies lay individual eggs on Brassicaceae species,
such as Alliaria petiolata and Lepidinm draba. However, P. rapae is a more generalist
species and uses a greater diversity of host plants (Ohsaki, 1979).

The dominant host plant in the mid-elevation site is Alliaria petiolata. It is a biennial
herb common in damp, shaded soils at the edges of deciduous and riverine forests. It can
grow in highly contrasted environmental conditions, exhibiting considerable plasticity
in different habitats (Cavers et al.,, 1979). Seedlings emerge during spring and early sum-
mer and persist as rosettes throughout the first year, until the next growing season when
inflorescences are initiated. Lepidium draba is the dominant host plant in the lowland
site. Itis a perennial, rhizomatous herb and can be found in open areas and field margins
(de Bolds and Vigo, 1990). Its extensive, multibranched rhizomes are notably capable of
producing many new shoots, which can develop into large monocultural stands (Francis
and Warwick, 2008).

4.2.2 Oviposition behavior

We assessed whether the differences in broad habitat preferences between the two
butterflies (. nap: for humid areas and P. rapae for open habitats) led to different mi-
crohabitat selection for oviposition across open—closed ecotones. We tested this hypoth-
esis by carrying out censuses of behaviour at the two study sites. Females were followed
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and their behaviours recorded for periods of 45 min. The censuses fully covered the en-
tire daily period of flight activity, between 9:00 and 19:00, and were conducted during
summer. Oviposition was considered to occur when females that landed on a leaf were
observed to curl their abdomen and remain in this position for at least three seconds. Egg-
laying was visually confirmed in most of the cases. Species, hour, and microhabitat type
(open, closed, or intermediate) were noted. Censuses were simultaneously performed
in the various microhabitat types, balancing the time spent in each type. The tempera-
ture of the leaves where eggs were laid and their position (upper vs underside of leaves)
were also recorded when possible using a wire K-type thermocouple probe (SC-TT-KI-
30-1IM, Omega Engineering Ltd, UK) attached to a hand-held thermocouple thermome-
ter (HHs03, Omega Engineering Ltd, UK, and HI93s5005N, Hanna Instruments Ltd,
Spain) immediately after the female left the plant.

4.2.3 Microclimatic and host-plant variation

We assessed microclimatic conditions at both microhabitat and host-plant scales. For
the measurements at the microhabitat scale, we installed fifteen standalone data loggers
(EL-USB-2-LCD, Lascar Electronics, UK) in different microsites harboring host plants
and where ovipositing females had been detected. Seven of the sensors were installed
in the mid-elevation site, and the other eight in the lowland site (Tables Br and B2). The
sensors were programmed to record temperature (°C) and relative humidity (%) at hourly
resolution and were placed 25 cm above the soil protected from direct solar radiation.

To quantify thermal exposure and trait variability of host plants, we monitored co-
horts of 242 individuals of 4. petiolata and 362 individuals of L. draba distributed in four
representative categories of microhabitats found across the ecotones (open, semi-open,
semi-closed, and closed). Each microhabitat category was assigned based on detailed mea-
surements of the dynamics of the canopy and the ground cover by herbaceous plants (see
Appendix B.r and Figs. B2 and B3 for further details). Canopy closure was measured by
visual inspection in the vertical and the four cardinal directions. The herbaceous layer was
characterised both as herbaceous ground cover and as mean herb height using the point-
intercept method. Closed and semi-closed microhabitats presented a mean canopy clo-
sure higher than 50%, while we defined semi-open and open microhabitats by their herba-
ceous layer, as trees and shrubs were less common there. We monitored the host plants in
2017, from March to September, and measured the same 14 microclimatic, phenological,

morphological, and physiological traits every 15 days (Table B2).

Every monitoring day, we selected at least 16 host plants for each cohort (four indi-
viduals x four microhabitat types) ensuring that plants were randomly chosen, without
repetition to avoid pseudoreplication. Microclimatic variables included several temper-
atures at soil, foliar, and air level and soil moisture. We used a penetration thermometer
(HI98509, Hanna Instruments Ltd, Spain) to measure soil temperature at a depth of 10
cm. Soil surface temperature, air temperature above the host plant, and foliar surface
temperature were measured using a thermocouple (see device and measurement details
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in the section 4.2.2 Oviposition behavior). A minimum of three replicates were taken for
each measurement. The temperatures were measured between 10:00 and 16:00, and the
time, wind, and radiation conditions were recorded. We measured soil surface tempera-
ture near the host plants, replicating it in spots exposed to direct solar radiation and in
the shade; air temperature, immediately above the host plant at a height of 1 m; and foliar
temperature, on the upper and underside of the leaves. The volumetric water content of
the soil (% by volume) was measured at three points near each plant using a DELTA-T
SMiso (Delta-T Devices Ltd, UK) soil-moisture sensor.

The traits measured in host plants included phenology, stem length and foliar dimen-
sions, density, and chlorophyll and water contents. These traits were selected because
they have been associated with oviposition behaviour and offspring performance (Aw-
mack and Leather, 2002; Gibbs and Van Dyck, 2009; Stefanescu et al., 2006; Wolfson,
1980) and are simple to measure. Foliar chlorophyll content is also an indicator of plant
nutritional condition, photosynthetic capacity, and developmental stage (Curran et al.,
1990; Everiit et al., 1985). We assessed plant phenological status by classifying the individ-
uals in one of four phenological stages: spring early vegetative, reproductive, senescent,
and summer late vegetative. A representative basal, medial, and apical leaf was chosen
for each plant, and its state (green or senescent) was recorded. Chlorophyll content was
estimated as the mean of three measurements from a SPAD-s02 chlorophyll meter (Kon-
ica Minolta Sensing, Spain). Finally, leaves were severed and immediately weighed (fresh
weight, FW) using a field digital scale (PJSo20, PESOLA Prizisionswaagen AG, Switzer-
land), and then oven-dried in the laboratory at 6o °C for two days to a stable weight (dry
weight, DW). Foliar water content was defined as (FW-DW)/DW. Foliar density was
calculated as the ratio between DW and foliar length. When host plants were mature, we
also counted the number of fruits per plant (siliques for 4. petiolata and silicules for L.
draba), as a proxy of plant reproductive performance between microhabitats and shade
tolerance. A minimum of seven individuals were sampled for each microhabitat type.

4.2.4 Ecophysiological assays of heat tolerance

We implemented a static heat tolerance experiment using larvae of 2. napi and P. ra-
pae to determine whether they differ in their thermal strategies. If 2. naps oviposits in
more closed and buffered microhabitats than does P. rapae, as we hypothesised, the lar-
vae of the former would exhibit a thermosensitive strategy, with lower values of 2 and
C'T'naz- Females from bothlocations and species were captured and their offspring reared
in growing chambers at 22 °C 3L:uD, with fresh and abundant host plants (L. draba
and A. petiolata). The experiment was conducted on 210 larvae from 20 family lines ( Ta-
ble B3). Before the application of the thermal treatment, larvae were acclimated for 1
hour at constant 22 °C and deprived of food. We recorded the larval initial weight (g)
and subsequently placed the larvae in individual plastic vials (diameter: 3.5 cm, height: 7
cm) that were submerged in a water bath programmed at a constant temperature (i.e. 40,
42, or 44 °C, depending on the treatment). These temperatures can be recorded in the
field and are known to be stressful for both species (Kingsolver, 2000; von Schmalensee
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et al,, 2021a). The status of the larvae (alive or dead) was checked at regular time inter-
vals (once every 30 min for the assays at 40 °C; every 20 min at 42 °C; and every 10 min
at 44 °C), trading-off between accurate detection of time to death and potential thermal
fluctuations associated with larval status checking. The air temperature inside the plastic
vial was continuously recorded using a data logger with a 20-second resolution to have
a more accurate estimate of the thermal exposure of the larvae and its temporal fluctua-
tions during the treatment. The average temperature recorded with the data logger was
used in the subsequent analyses, rather than the fixed, programmed temperature in the
water bath (which was considered a less accurate proxy).

4.2.5 Statistical analysis

All data were analyzed using R 3.6.1 (R Core Team, 2019). We applied generalised
linear mixed models (GLMMs) to determine whether the two butterfly species selected
different microhabitats to oviposit. The final data set included a total of 7217 min of cen-
sus, 139 ovipositions, and 43 ovipositing females (Table B4). The number of ovipositions
observed per female was used as the response variable (model 1). We fitted the model us-
ing the glmer function of the /me4 package (Bates et al., 2015) by maximum likelihood
(Laplace approximation) and a Poisson error distribution with a log link function. The
type of microhabitat, the species, and their interaction were added as fixed factors, and
site, date, and period of the day of the census were treated as categorical, random fac-
tors. The logarithm of census duration was added as an offset term (i.e. a linear predictor
without an estimated regression parameter to account for differences in sampling effort
between censuses; Zuur et al. (2009)). We repeated the same modeling procedure using
the number of ovipositing females per census as the response variable (model 2).

The seasonal dynamics of microclimatic conditions and host-plant traits were as-
sessed by regressing LOESS models against ordinal day. To examine the spatial variation
of these variables across the open—closed ecotones, an ANOVA testing for microhabitat
type was applied followed by a post-hoc Tukey HSD test calculated using the emmeans
package (Lenth, 2020). The analyses were performed for the entire sampling period and
for specific phenological stages and seasons. The characterisation of the thermal regimes
in different microhabitats and scales considered the absolute records at different levels
(air, soil, leaves), thermal tendencies relative to macroclimatic conditions, and measures
of dispersion (i.e. standard deviation and skewness). Daily records of macroclimatic tem-
peratures were obtained from two meteorological stations near the study sites (Fig. Br).
Microhabitat thermal offset was calculated as the difference of daily mean temperatures
between data logger and standardised weather station measurements. We defined foliar
thermal offset as the difference between the upper side foliar temperature and the syn-
chronic air temperature above the host plant at 1 m height (also termed “thermal excess”
in some studies; see De Frenne et al. (2021); Pincebourde and Woods (2012)). Daily stan-
dard deviation of temperatures recorded with the data logger was used as an indicator of
the microclimatic temporal variability at the microhabitat scale, while we used daily SD
of foliar temperatures in the same microhabitat as a measure of spatial thermal hetero-
geneity at finer scales.
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To assess whether the two butterflies differ in their thermal strategy, we fitted a linear
model of the logarithm of the time to larval death against the mean temperature recorded
with the data logger during the static treatments for each species (i.e. TDT curve). We es-
timated 2 and C'T},,,, from the regressed equations and we then tested whether the two
species presented different slopes by fitting an ANCOVA of the effect of temperature,
species, and their interaction on log; of larval survival time. Additional general mixed
linear models were also fitted for each species on log of time to larval death with ther-
mal treatment (°C), larval weight (g), and site as fixed factors and family within site as a
random factor.

4.2.6 Predictions of thermal mortality in the field

The semilogarithmic link between knockdown times and temperature during a heat
challenge (i.e. TDT curve) can be estimated experimentally for different levels of mortal-
ity (e.g. time where 100% or 50% of larvae were dead), resulting in parallel lines with the
same slope (2). From these parallel curves, we can define how mortality rate (and, hence,
survival probability) changes with exposure time for any constant temperature (Rezende
etal.,2020b). We obtain in this way temperature-specific survival curves, which are math-
ematically related and collectively define the thermal tolerance landscape of the species
(Rezende et al., 2014, 2020a,b). In the field, organisms are exposed to variable temper-
atures and their survival responses are the result of shifts between temperature-specific
curves. Therefore, if we know how temperature changes during a specific period, we can
predict the survival probability under field conditions by summing up the infinitesimal
changes in the survival rate that occurred during that period (Rezende et al., 2020b).

Here we adapted the methods and scripts developed by Rezende et al. Rezende et al.
(2020a,b) to numerically predict the daily thermal mortality throughout the year for the
larvae of both Pieris species in the different microhabitats. Microclimatic field condi-
tions during the whole year were obtained from the thermal records of the data loggers.
For each sensor, we calculated the mean thermal series of all the recorded years (Table Br)
and estimated the thermal profile at 1-min resolution of each day by non-linear interpo-
lation between consecutive hours (Rezende et al., 2020b). Daily thermal mortality was
predicted from March to September (both included), to capture the period of higher
thermal stress (i.e. summer). We predicted larval survival in the dynamical field con-
ditions based on the TDT curves, by bootstrapping the time of death of 35 larvae per
species in each of the three experimental treatments (i.e 40, 42, or 44 °C, total sample
size = 210). Bootstrapped data was then used to estimate the tolerance landscape of each
species with a resolution of o.oor of survival probability (see Rezende et al., 2020b, for
turther details). From this relationship between survival and time at constant tempera-
tures, we calculated the daily mortality curve at a 1-min resolution for each species, day,
and microclimatic sensor by numerical approximation Rezende et al. (2020Db).

We defined daily thermal mortality as the maximum mortality (1 — survival probabil-
ity) of the day and calculated, with these daily values, the cumulative mortality during
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development (using a rolling window of 30 days from March to September). We then
averaged cumulative mortality for the periods where it exceeded o.01 (i.e. mostly in sum-
mer) to summarise the peaks of thermal mortality for each species in each microhabi-
tat. Finally, we assessed how thermal mortality would change if we consider that larvae
can avoid acute thermal stress on the leaves by actively moving to shadier parts of the
plant (thermal avoidance behavior, TAB; Carnicer et al., 2019). This was done by trun-
cating daily thermal profiles at fixed TAB thresholds (none, 35, 37.5, 40, 42.5, and 45 °C)
and repeating the whole numeric procedure with the truncated thermal profile. These
thresholds were obtained from previous experimental observations of thermal avoidance
behaviours for the genus Preris (Carnicer et al., 2019). We performed 100 bootstrap repli-
cates per threshold to have an estimate of the uncertainty associated with the predictions.

4.3 Results

4.3.1 Interspecific differences in microhabitat selection

Results of the GLMM analyses applied on the number of ovipositions per female
(model 1) and on the number of ovipositing females (model 2) were very similar (Table
4.1). Both P. napi and P. rapae distributed their eggs unequally across the open—closed
ecotones (model 1: microhabitat x? = 13.1, df = 2, P = 0.0015). However, the micro-
habitats selected by females differed between the two butterflies (model 2: microhabitat
x species x2 = 21.2, df = 2, P < 0.0001). Pieris napi preferentially selected host plants
from the microhabitats with intermediate vegetation covering (which include the semi-
open and semi-closed microhabitats, Fig. 4.2a). Concretely, predictions from model 1
indicated that the number of eggs laid in these microhabitats was six and three times
higher than in closed and open microhabitats, respectively. In sharp contrast, P. rapae
mainly laid eggs in the open microhabitats (in model 1, open microhabitats received 99%
of P. rapae ovipositions). Closed microhabitats were rarely selected by either species, but
a few ovipositions of P. nap: were observed. The oviposition pattern did not present
relevant differences between sites, as the variance estimated for this random factor was
much lower than the other effects in both models (model 1: sd;;. = 0.02, sdgqse = 1.47,
Sdperiod = 1.77; model 2: 8dgjte = 0.23, sdgare = 0.7, Sdperiog = 1.26).

4.3.2 Interspecific differences in thermal exposure

Foliar temperature recorded during oviposition differed between both species (with
thermal differences in the range s—10 °C in the leaf underside, where most eggs were laid,
Fig. 4.2b). The thermal regimes characterised throughout the monitoring campaign var-
ied between microhabitats in the same line. Daily maximum temperatures recorded with
the data loggers were, respectively, a mean of 6 and 2 °C lower in the semi-closed and
semi-open microhabitats than in the open areas, where P. 7apae oviposits (Fig. 4.2c). A
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Table 4.x: Generalised linear mixed models of the number of ovipositions per female and the number of
ovipositing females per census. Results from the type IIT Wald x? analysis of deviance of the fixed effects.
Marginal R? for GLMMs (including only fixed effects) were calculated following Nakagawa et al. (2017)
with the version 0.9.2 of the performance package (Liidecke et al., 2021). Abbreviations: df, degrees of
freedom

Model Response variable Fixed effect 2 | df P
Model 1 Ovipositions Microhabitat type B3.I 2 0.0015
Species o. I 0.5576
¢ = P 3 557

(R&param =0.23) per females Microhabitat type x Species | 6o | 2 | <o.c001
Model 2 Ovipositing Microhabitat type 6.1 2 | 0.0474

(R2 - 0.14) females Species 13 1 0.2475
GLMM == per census Microhabitat type x Species | 212 | 2 | <o0.0001

similar pattern was found for temperatures recorded at the upper surface of the leaves
(Fig. 4.2d), which were measured during the period of highest insolation (10-16h) and
when most eggs are usually laid (Fig. B4).

Canopy cover of the closed and semi-closed microhabitats from the mid-elevation site
diminished mean daily temperatures of the understory an average of 3 °C relative to mean
macroclimatic conditions (Fig. 4.2¢). In contrast, the buffering capacity of lowland veg-
etation was much lower, and the largest offsets from macroclimatic mean temperatures
were observed in the open and semi-open microhabitats (daily mean temperatures 1-2 °C
higher than meteorological records). Besides the higher air temperatures at the microhab-
itat scale, leaves in the open microhabitats of the lowland site were additionally subject
to important thermal amplification processes that could elevate foliar temperatures up
to 10 °C higher than the air above the host plant (Fig. 4.2f). Overall, the structure of
the open—closed ecotones largely determined the microclimatic processes that operated
in the different microhabitats, modifying the thermal exposure of the host plants. Mi-
crohabitat and foliar temperatures could exceed 40 °C in the open microhabitats (Fig.
4.2b—d), especially in the lowland site during summer (Fig. Bs), while temperatures re-
mained below 40 °C in semi-closed and semi-open microhabitats of both sites across the
seasons (Figs. B6 and By).

Temperatures in closed and semi-closed microhabitats were more constant through-
out the day and were more homogenous across this type of microsite (Fig. 4.2g-h).
Open microhabitats presented instead the most variable daily thermal profiles (Fig. 4.2g),
with more positively skewed distributions (i.e. more extreme values in the upper side of
the thermal distribution, Fig. B8a). Thermal heterogeneity at fine spatial scales was also
higher in the open microhabitats, which was calculated as the SD of the temperatures
recorded on the upper- and underside of the leaves in each microhabitat on a daily basis

(Fig. 4.2h).
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Figure 4.2: Interspecific differences in the thermal regime that eggs and larvae are exposed to, both at mi-
crohabitat (c, e, and g) and foliar (b, d, f, and h) scales. (a) Relative distribution of ovipositions for each
species across the open—closed ecotones. (b) Foliar temperature during oviposition at the underside. (c)
Daily maximum temperatures recorded with the data loggers. (d) Foliar temperatures at the upper side dur-
ing host-plant monitoring. (¢) Thermal offset calculated as the difference of the mean daily temperatures
between the microhabitat and the macroclimate. (f) Foliar thermal offset calculated as the instantaneous
difference of foliar and air temperatures above the host plant at 1 m height. (g) Daily temporal variability
(standard deviation, SD) of the temperatures recorded at microhabitat scale. (h) Thermal heterogeneity
of foliar temperatures in the same microhabitat and time. Different letters indicate the microhabitats with
P < 0.05in pairwise Tukey HSD tests of the response variable for each site (light grey for the mid-elevation
site, and dark grey for the lowland site). The lower and upper hinges of the box represent the 1st and the 3rd
quartiles respectively (1, @3); its inner line, the median; and the length of the box, the IQR = Q3 - Q.

(Legend continues on next page).
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(Continuation of legend from Fig. 4.2). Lower whisker represents the smallest value >
Q1 - 1.5 x IQR; and the upper whisker, the biggest value < Q3 + 1.5 x IQR. Outliers
are not shown. Coloured areas in the panels C-H indicate the microhabitats selected by
each species (i.e. blue: P. napi; orange: P. rapae) to facilitate interspecific comparisons. C,
closed; SC, semi-closed; SO, semi-open; and O, open microhabitat.

4.3.3 Sources of thermal heterogeneity at fine scales

All the thermal variables measured at the host-plant level (i.e. excluding air tem-
peratures at the microhabitat scale recorded with the data loggers) were strongly corre-
lated in pairwise correlations for each site and microhabitat type (R? = 0.81+ 0.16; and
P =0.0042+ 0.0198, which summarise the mean =+ sd of the R? and P values obtained in
the correlation tests). Nevertheless, there were notable differences between leaves, soils,
and the air in the open microhabitat of the lowland site, where thermal heterogeneity was

higher (Figs. 4.3 and Bo).

Soil in the open microhabitat of the lowland site was warmer and drier than in the
other microhabitats (Figs. 4.3 and 4.4a), especially during summer (Fig. 4.4c). Soil surface
reached temperatures higher than 45 °C when exposed to full radiation (i.e. soil thermal
amplification, Fig. 4.3c). Going up from the soil, air temperature rapidly decreased with
height following a hyperbolic sine function (i in Fig. 4.3). In this line, basal leaves of
the host plants from open microhabitats were 2—7 °C warmer than apical leaves (ir in Fig.
4.3), while basal leaves in semi-open and semi-closed microhabitats could reach inferior
temperatures than apical leaves (i.c. soil cooling effect, Fig. 4.3b). This thermal difference
between leaves could be recorded in spring plants of Lepidium draba, which were > 40
cm height. In contrast, leaves of summer resprouts (< 5 cm height) presented the highest
temperatures and the lowest thermal heterogeneity (daily SD of foliar thermal records,
Fig. Bsc—d).

Fine-scale thermal heterogeneity was also detected between sides of the same leaves.
In intermediate ranges of microhabitat air temperature (i.e. 20-35 °C), foliar underside
temperatures were 1-3 °C cooler than upper parts of the leaves exposed to direct radiation
in open microhabitats (Fig. 4.3d). However, at higher air temperatures (i.e. > 35 °C),
thermal differences between foliar upper and underside vanished (Fig. 4.3¢). In these
conditions leaves could be 10 °C warmer than air temperature above the host plant (Fig.
4.3f). The effects of foliar height and foliar side on thermal heterogeneity were putatively
associated with radiative heating and sensible heat fluxes from the soil and with processes
of stomatal closure of the leaves.
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Figure 4.3: A visual summary of the diverse microclimatic mosaics and processes at fine scales quantified
in the lowland site. Blue areas (left) indicate microhabitats preferentially selected by P. #napz, and orange
areas (right), by P. rapae. Observed thermal differences between the air, host plants, and soil allowed the
identification of six processes determining larval thermal exposure: butterfly oviposition behaviour (a);
the influence of soil cooling effects (b) and soil thermal amplification on basal leaves (c); canopy thermal
homogenisation (d); leaf underside cooling by active stomatal conductance (e); and foliar thermal amplifi-
cation by reduced stomatal conductance (f). Detailed thermal data is reported in the four insets providing
evidence for these processes (i—i4). (a) Air temperatures in the semi-open and semi-closed microhabitats
where P. napi oviposits reach about 3-10 °C inferior values and are less variable than in open microhabitats
(ovipositing microsites of 2. rapae). (Legend continues on next page).
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(Continuation of legend from Fig. 4.3). Open microhabitats are more thermally heteroge-
neous at fine scales, with notable thermal differences between leaves, soil, and the air. (b)
Temperatures at the soil surface influence the heat balance of basal leaves, such that basal
leaves in the semi-closed microhabitat can be cooler than apical leaves (ir). (c) Soil thermal
amplification in the open microhabitat warms the lower air layers and creates steep thermal
gradients with height (i2), which can be also detected between basal and apical leaves (ir).
(d) Canopy shading in more closed microhabitats cools leaves and air, resulting in similar
temperatures in the leaf upper- and undersides (i3 and i4, results in blue). (e¢) When tem-
peratures in open microhabitats were moderately warm (around 25 °C), we observed that
stomatal conductance and evapotranspiration cooled foliar undersides 1-3 °C in relation to
the upper sides, which are more directly exposed to radiative heating (i3, orange line). (f)
However, in dry and warm conditions (> 35 °C), high radiative heating from the soil and
reduced evapotranspiration linked to leaf stomatal closure can bring leaves 10 °C warmer
than the air (i4, orange). Black lines in the soil are added for illustrative purposes and repre-
sent the patterns of variation of soil temperature and humidity across the ecotone that we
observed in Figs. 4.4 and Bub. More detailed results of thermal heterogeneity at fine scales
can be found in Figs. Bs and Bo.

4.3.4 Host-plant variability

Open—closed ecotones also induced changes in host-plant traits, paralleling varia-
tion in thermal exposure (Figs. 4.4, B6, and B7). Host plants in open microhabitats had
smaller leaves with lower ratios of water content (i.e. less water per mg of foliar dry weight,
Fig. 4.4d). Variation in foliar chlorophyll content and fruit production depended on the
shade tolerance of the host plant. Lepidium draba (lowland site) presented higher chloro-
phyll contents and produced more fruits in open microhabitats, while plants in closed
and semi-closed microhabitats did not reproduce sexually and had thinner leaves, with
low chlorophyll contents. On the contrary, chlorophyll content and fruit production for
A. petiolata in the mid-elevation site was lowest in the open microhabitat (Fig. Bro).

Foliar water and chlorophyll contents decreased in both host plants (Fig. 4.4e—f and
Fig. Bix) as they senesced after fructification during late spring and early summer (ordi-
nal days 140-180). Only non-flowering first-year rosettes (4. petiolata) and summer rhi-
zome resprouts (L. draba) remained in midsummer after senescence (Fig. Br2). First-year
rosettes of A. petiolata notably coexisted in June with the reproductive stage of second-
year individuals. In contrast, there was no temporal overlap between reproductive L.
draba plants and new summer resprouts, leading to a period of scarcity of fresh host
plants lasting 2—3 weeks.

4.3.5 Interspecific differences in thermal strategies and mortality

Time to larval death and experimental temperatures were associated in semilogarith-
mic curves for both species (Fig. 4.5a), presenting a steeper slope (25% more negative) for
Pieris napi (species x temperature P2 = 0.0085 in the ANCOVA model, which explained
a76% of the variance). The estimated intersection point of the two TDT curves was lo-
cated at 7% = 41.2 °C. Above this threshold, P. 7zpac exhibited greater survival than P,
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napi, while the opposite was true for inferior temperatures (Fig. 4.5a). As predicted, the
estimates (+ SE) of thermal tolerance z and C'T},,4, were higher for P. rapae (z = s.10 £
0.24 °C; CT 00 = 53.48 °C) than for P. napi (z = 4.10 £ 0.26 °C; 15,4, = 51.08 °C). In
the general mixed linear models considering more factors than temperature, strong effects
were also found for larval weight (Table 4.2), with smaller larvae presenting lower survival
times. Concretely, an increase of 0.1 g in larval weight would cancel out the effects of an
increase of 1 °C in temperature (i.e. the former would provoke an increase of 30-50% in
survival times, while the later would decrease them by 30-50%, Fig. B13).

Interspecific differences in the TDT curves and the predicted thermal mortality in
the field were in agreement with the pattern of microhabitat selection of the two species.
Daily mortality was higher for the thermosensitive 2. zapi (Fig. Bi4) when thermal stresses
were more acute (more intense heat challenges, mainly found in open microhabitats). In
contrast, more constant thermal regimes, with less extreme but longer thermal heat chal-
lenges (i.e. chronic stress), were deadlier for P. 7apae. Daily thermal mortality from March
to September was usually low (< o.o1), although it could reach values around 0.4 in the
open microhabitats during the warmest days (< 15% of the days, Fig. Bisa).

The accumulation of low daily mortalities for a period similar to larval development
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Figure 4.4: Spatial and seasonal variation in the soil humidity (a—c) and foliar water content (d—f) of the
host plants measured during the monitoring campaign. (a and d) Variation across open—closed ecotones.
Difterent letters indicate the microhabitats with P < 0.05 in pairwise Tukey HSD tests of the response
variable for each site (light grey for the mid-elevation site, and dark grey for the lowland site). (b, ¢, e,
and f) Seasonal cycle of the soil humidity (b—c) and the foliar water content (e—f) measured in different
microhabitats types monitored in the mid-elevation (b and €) and lowland (c and f) sites. Open microhab-
itats (mainly selected by 2. 7apae) are represented in yellow; and semi-open and semi-closed microhabitats
(mainly selected by 2. napi), in blue. C, closed; SC, semi-closed; SO, semi-open; and O, open microhabi-
tats.
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time (i.e. 30 days) could exert considerable thermal pressure on natural populations (cu-
mulative mortality > 0.8 during the summer in the open microhabitats). However, the
estimates indicated that thermal mortality would be importantly reduced if larvae con-
ducted thermal avoidance behaviours (Fig. Bisb). Mean thermal mortality during the
development was around 0-o.2 in semi-open and semi-closed microhabitats (Fig. 4.5b),
and an average of 15% lower for P. napi than for P. rapae (Fig. 4.5c). The opposite pattern
was found in the open microhabitats, where mean thermal mortality during development
was 15% higher for P. napi than for P. rapae and ranged between o.4 and 0.8. Thus, by
laying its eggs on semi-open and semi-closed microhabitats, P. napz eludes a high thermal
mortality. In contrast, P. 7apae selects the microhabitats with the most intense heat chal-
lenges, exposing its oftspring to deadly thermal stresses that it can withstand better than
P. napi.

Table 4.2: General linear mixed model of the time to larval death for each species. Results from the type
I1I Wald x? analysis of deviance of the fixed effects. Marginal R? for GLMMs (including only fixed ef-
fects) were calculated following Nakagawa et al. (2017) with the version 0.9.2 of the performance package
(Ludecke et al., 2021). Abbreviations: df, degrees of freedom

Model Fixed effect x? df P
Pieris napi Temperan.lre (°C) | 194.0 | 1 | <0.0001
(R2 =0.75) Larval weight (g) 5-7 I 0.0166
GLmym = Y- Sice 7 ! oo
Pieris rapae TemperatL‘lre (°C) | 4761 | 1 | <o.0001
(R2 =0.8) Larval weight (g) 9.4 I 0.0022
R Site L9 I 0.1691
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Figure 4.5: (a) Thermal death time (TDT) curves for P. napi and P. rapae. The dashed lines indicate
the intersection point between the two TDT curves, representing the temperature at which both species
show equal survival times. (b) Interspecific differences of mean thermal mortality during development for
the periods where 30-day cumulative mortality was equal or higher than o.o1. Coloured areas represent
the density functions of the mean thermal mortality in the 100 bootstrap replicates for each species and
each data logger (each temporal series of microclimatic temperatures). The lower and upper limits of the
boxes represent the 1st and the 3rd quartiles of mean thermal mortality and, their inner line, the median.
(c) Interspecific ratio (2. napi / P. rapae) of mean thermal mortality during development observed in each
microhabitat. For both species, estimated mortality was lower in their preferred microhabitats: Preris napi
showed inferior mortalities in semi-open and semi-closed microhabitats (left panels) but higher in open
microhabitats (right panels). Microhabitats with a cumulative mortality inferior to o.or during the whole
period (March-September) are not shown. Me, mid-elevation; Ld, lowland sites. C, closed; SC, semi-
closed; SO, semi-open; and O, open microhabitats.
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4.4 Discussion

Our work quantified the microclimatic and host-plant conditions of the microhabi-
tats where two butterfly species lay their eggs and assessed their potential impacts on the
offspring. We conducted the study with two model species from an extensively-studied
family of butterflies in the ecotones between forested and open habitats of two protected
areas. We combined field census of butterfly behavior, detailed measurements of the mi-
croclimate in the selected microhabitats, and an experimental characterisation of the ther-
mal tolerance of the larvae, to computationally predict the thermal mortality in the field.
Many studies stress the need to consider temperatures at the microclimatic scale to bet-
ter understand the thermal ecology of the species and their responses to global warming
(Bramer et al., 2018; Pincebourde and Woods, 2020; Woods et al., 2015). As far as we
know, mortality associated with microclimatic variation has been very occasionally as-
sessed (Kaiser et al., 2016; Kingsolver, 1979; Potter et al., 2009; Woods et al., 2022). For
the first time, here we predicted the mortality derived from microclimatic temperatures
considering both the intensities and the duration of the thermal exposures, and their cu-
mulative effects (Rezende et al., 2020b).

The two butterflies selected the same host-plant species from different microhabitats
to oviposit: Pieris napi laid most of their eggs in semi-open and semi-closed microhabi-
tats, and P, zapae, in open ones (Table 4.1and Fig. 4.2). These results indicate that habitat
choice preceded host-plant selection, as has long been proposed (Courtney, 1986; Dennis,
20105 Porter, 1992) and as has been found for this pair of species (Friberg and Wiklund,
2019; Ohsaki, 1982; Ohsaki and Sato, 1999). Ovipositing females generally use multiple
cues following a spatially-structured and hierarchical process, from coarse to finer scales.
Determining which specific cues influenced oviposition decisions is beyond the scope of
our study, but both microclimatic and host-plant factors could have had a role. Ohsaki
(1982) associated P. napi and P. rapae oviposition decisions with the different light condi-
tions of the microhabitat, and Forsberg (1987) suggested that P. nap: in Sweden actively
oviposited in small plants to favour higher microclimatic temperatures. Other studies re-
lated oviposition decisions of P. 7apae with host-plant qualities. Visual stimuli (mainly
the colour or the greenness of the plant) have a key role when females are searching for
a host plant (Myers, 198s; Tsuji and Coe, 2014), although olfactory cues likely influence
pre-alightment decisions too (Renwick and Radke, 1988). After landing on host plants,
chemical, and nutrient status of the plants were found to be decisive (Hern et al., 1996).
For example, leaves with higher water and nitrogen content and with high transpiration
rates are more frequently accepted to oviposit (Myers, 1985; Wolfson, 1980). In our study,
all of these factors varied between the selected microhabitats (Figs. 4.2 and 4.4).

Microhabitat preferences observed in the field matched interspecific differences in
the TDT curves determined in the laboratory and in the predicted thermal mortality in
the field (Fig. 4.5). Piers napi presented a more thermosensitive strategy, with lower sur-
vivals under acute stresses, but higher under longer subextreme challenges. Accordingly,
its mean thermal mortality during development was approximately 15% higher than 2.
rapae in open microhabitats, where heat challenges are more extreme, but 15% lower than
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P. rapae in their selected microhabitats. Petersen (1954) already proposed that, as a result
of interspecific competition, 2. zapi would have specialised in developing in shaded en-
vironments, where thermal regimes are cooler and host plants have thinner leaves than
in the dry, open habitats selected by P. 7apae. But later research suggested that competi-
tion between Pierids is unlikely to be driving their habitat segregation (Courtney, 1986),
and that escape from parasitism is a more likely driver in the case of P. napi and P. rapae
(Ohsaki and Sato, 1999). Regardless of the ultimate cause driving this habitat differenti-
ation, specialisation in fresh and humid habitats or dry and hot habitats usually comes
with different costs and benefits. For example, studies with other butterflies have shown
that specializing in hot environments can select higher fecundities and adult survival at
the expense of larval survival (Karlsson and Wiklund, 2005). In this line, our results also
predicted that larval survival in open microhabitats is lower (Fig. 4.5), and previous stud-
ies found that P. 7apae laid more eggs but smaller ones than 2. napi (Ohsaki, 1982).

In this study we also identified six processes (a—f in Fig. 4.3) modulating the thermal
exposure of the two species at very fine scales, and hence their thermal mortality. The first
one is microhabitat selection by adult butterflies, which strongly determines the thermal
exposure of the larvae. Thermal differences between open and intermediately-covered
microhabitats were in the range of 3-10 °C for diurnal temperatures at the foliar and air
levels (Figs. 4.2 and 4.3a). These results are in agreement with the thermal differences
between more open and closed habitats of herbivorous insects reported in other studies
(Ashton et al., 2009; Friberg et al., 2008; Merckx et al., 2015; Ohsaki, 1982; Suggitt et al.,
2012). Daily temperatures in open microhabitats also presented higher variation, with
more extreme temperatures. Then, heat and water fluxes at fine scales create very dif-
ferent microclimatic mosaics between the selected microhabitats (Fig. 4.3b-f). In open
microhabitats, processes like soil and foliar thermal amplification can raise foliar temper-
atures 10 °C relative to the air (Fig. 4.3c and f; Carnicer et al., 2021; Pincebourde et al.,
2021; Woods et al., 2022), or evapotranspiration can cool the foliar underside 3 °C relative
to the upper side (Fig. 4.3¢). These processes create a more heterogeneous thermal mo-
saic than that found in semi-open and semi-closed microhabitats, where soil cooling and
canopy shading homogenise temperatures (Fig. 4.3b and d). Our predictions of thermal
mortality were based on the thermal series extracted from the data loggers, which repre-
sent air temperatures at the microhabitat level. But larvae might be more dependent on
temperatures at the foliar level, especially at their initial stages (Pincebourde et al., 2021;
Woods, 2013). The high fine-scale thermal heterogeneity in open microhabitats could po-
tentially expose larvae of . 7apae to more acute thermal stresses than those we predicted,
but could also offer more opportunities for behavioural thermoregulation (by moving to
the foliar underside [Fig. 4.3¢], or to a cooler leaf or plant [Fig. 4.3c]). Although thermal
heterogeneity was lower in summer in the lowland, some leaves presented temperatures
that could reduce thermal mortality. For example, if larvae avoided thermal exposures >
40 °C, cumulative mortality during development would be importantly reduced (Figs. Bs
and Bis). Thermal avoidance behaviours have been reported for the larvae of 2. napi (Car-
nicer et al., 2019) and P. rapae (Kingsolver and Gomulkiewicz, 2003).

The microclimatic exposure during the development of insects will simultaneously
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affect other physiological and demographical rates besides larval survival (Braschler et al.,
2021; Diamond et al., 2013; Kingsolver et al., 20115 von Schmalensee et al., 2021a), which
can influence the larval mortality patterns described here. For example, different micro-
climatic regimes can lead to shorter or longer larval development times due to nonlinear
changes of development rates with temperature (thermal performance curves; Greiser
et al., 2022; von Schmalensee et al., 2021a, Fig. B16). These variations in the develop-
ment time would in turn modulate the time of exposure to microclimatic lethal stresses.
Moreover, our results indicated that smaller larvae were more sensitive to heat challenges
(Table 4.2 and Fig. Br3). TDT curves in this study were built with all the larvae, so pre-
dictions of thermal mortality assumed a constant weight during the whole development.
However, as larvae grow, they would become more tolerant, suggesting that plastic and
evolutionary changes in growth rates and thermal performance curves could play a key
role on larval thermal mortality. Further studies should consider how growth dynami-
cally modifies thermal tolerance landscapes during development, and the parallel effects
of microclimatic regimes on growth, development, and mortality. The differences be-
tween the microclimatic regimes of the microhabitats where the two species lay their eggs
led to contrasting patterns of thermal mortality of the offspring. Despite being more
thermosensitive, the offspring of P. nap: were predicted to present higher survivals than
P rapae (Fig. 4.5) due to the thermal buffering provided by the microhabitats with in-
termediate cover (Fig. 4.2). Our results feed the growing literature on the key role that
vegetation cover may play in buffering thermal macroclimatic stresses (Carnicer et al.,
2019; De Frenne et al., 20215 Zellweger et al., 2020). However, many studies on butterflies
indicate that other species-specific requirements, such as host plant condition and avail-
ability, should be met in these microhabitats to successfully bufter macroclimatic impacts
(Ashton et al., 2009; Bennett et al., 2015; Carnicer et al., 2019; Kaiser et al., 2016; Nieto-
Sinchez et al., 2015; Stefanescu et al., 2011b; Suggitt et al.,, 2011, 2012). For example, in
summer in the lowland site, L. draba plants reduced their foliar water and chlorophyll
contents until their complete senescence (Figs. 4.4 and Bix), which would likely interact
with the microclimatic impacts on larval development (Clissold and Simpson, 2015). We
suggest that the different adaptive strategies of the species and their different oviposition
behaviours pose different challenges to the populations. With the current microclimatic
conditions, P. napi may not be as threatened by thermal exposure as . 7apae. However,
the decay and disappearance of L. draba during the summer in the lowlands might have
more negative impacts on P. napi because they rely on fewer host-plant species than P,
rapae, which are more likely to find other host plants in a better condition during this
period (Carnicer et al., 2019; Vives-Ingla et al., 2020).

Our study assessed both the thermal exposure and the thermal sensitivity of two
species to predict the associated mortality using a dynamic model calibrated with physio-
logical information from the experiments and simulated with the microclimatic regimes
recorded in the field. Previous assessments of the vulnerability of organisms to global
warming usually compared their experimental upper thermal limits with maximum tem-
peratures recorded in the field (Duffy et al., 20155 Pincebourde and Casas, 2019; Sunday
et al,, 2014; Woods et al., 2022). However, this approach overlooks the time-dependent
effects of thermal tolerance and the cumulative nature of heat injury (Jorgensen et al.,
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2021; Rezende et al., 2020b), which may underestimate the vulnerability of organisms
to global warming (Huey and Kearney, 2020). We predicted larval thermal mortalities
applying the tolerance landscape framework, which allowed us to adopt a more realistic
approach by considering their thermal sensitivity to both the duration and the intensity
of microclimatic thermal exposures (Rezende et al., 2014, 2020b). This new framework
can offer new insights on the role of climate change in the declines reported for many
insect species around the globe (Didham et al., 2020; Wagner et al., 2021b, and all the ref-
erences therein), also in our study area (Colom et al., 2022; Herrando et al., 2019; Melero
et al., 2016; Stefanescu et al., 201b; Ubach et al., 2021). Predictive models of ecological
responses to climate change should incorporate information of climatic exposure at rele-
vant scales and capture the key processes shaping organisms’ sensitivity and performance
in the dynamic thermal conditions they experience in nature.

Acknowledgements

Carlos Lépez, Soffa Cortizas, Joaquim de Gispert, Katarzyna Bartnik, and Agnieszka
Juszczak contributed to the field and experimental work. Roger Vila provided insightful
comments that improved the manuscript. Emili Bassols provided support with permis-
sion management, scientific advice and key assistance during fieldwork. Parc Natural
de la Zona Volcanica de la Garrotxa and Parc Natural Aiguamolls de ’Emporda pro-
vided logistic support. This research was supported by the Spanish Ministry of Science
and Innovation through a doctoral grant (FPUr7/05869); the Spanish Ministry of Eco-
nomic Affairs and Digital Transformation (CGL2016-78093-R and CGLz2013-48074-P);
the Catalan Government (SGR-2017-1005); and by Nederlandse Organisatie voor Weten-
schappelijk Onderzoek (863.11.021).



5

Novel regimes of extreme
climatic events trigger
negative population

rates in a
common
insect







5.1. Introduction

Abstract

The IPCC predicts that events at the extreme tail of the probability distribution will
increase at a higher rate relative to less severe but still abnormal events. Such outlier events
are of particular concern due to nonlinear physiological and demographic responses to
climatic exposure, meaning that these events are expected to have disproportionate im-
pacts on populations over the next decades (so called low-likelihood, high-impact events
- LLHI). Because such events are historically rare, forecasting how biodiversity will re-
spond requires mechanistic models which integrate the fundamental processes driving
biological responses to our changing climate. Here we built a matrix population model
(MPM) from long-term monitored populations of an insect model species in a Mediter-
ranean area. The model simultaneously integrates the effects of extreme microclimatic
heat exposure and drought-induced host-plant scarcity on early life stages, a key method-
ological step forward because these understudied life stages are usually very susceptible
to extreme climatic events. This model for the first time allows us to forecast the de-
mographic impacts that extreme LLHI events will have on an organism with a complex
life cycle. We find that juveniles were the life stage with the largest relative contribution
to population dynamics. In line with field observations, simulated population rates in
current climatic regimes were importantly determined by drought impacts, producing
a regional mosaic of non-declining and declining populations. The simulations also in-
dicated that, in future climate scenarios not meeting the Paris Agreement, LLHI heat
extremes triggered regionally-widespread and severe declines in this currently abundant
species. Our results suggest that LLHI events could thus emerge as a critical new —but
overlooked— driver of the declines in insect populations, risking the crucial functions
they perform in agro and natural ecosystems. We suggest that process-based and whole-
cycle modelling approaches are a fundamental tool with which to understand the true
impacts of climate change.

s.x Introduction

The latest IPCC projections predict that, as the climate warms, the distribution of ex-
treme events will change (IPCC, 2021; Seneviratne et al., 2021). However, not all extreme
events will increase at the same rate; events closer to the tails of climatic distributions,
will increase relatively more than less severe events (Seneviratne et al., 2012, 2021; Simolo
and Corti, 2022; Sutton, 2018; Zscheischler et al., 2018). For instance, the frequency of
hot temperature extremes will very likely increase nonlinearly with global warming, with
larger percentage increases for rarer and very extreme events than moderate extreme tem-
peratures (e.g. those that occur several times a year; IPCC, 2021; Seneviratne et al., 2025
Simolo and Corti, 2022; Vogel et al., 2020). These rarer extreme events are known as
low-likelihood, high-impact events (LLHI events, hereafter) —or black swan events in the
financial literature (Taleb, 2007)— because, despite having a much longer return period,
they can have profound consequences on ecological and social systems (Fig. s.1a). LLHI
events can stem from extreme anomalies of single climate variables (e.g. a LLHI thermal
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event), or from the simultaneous and successive occurrence of extreme events of differ-
ent types (e.g. a compound hot-dry event; Bastos et al., 2023; Seneviratne et al., 2021;
Zscheischler etal., 2018). Over the next decades, emerging novel regimes of extreme events
are predicted to render a disproportionate increase in both single and compound LLHI
events, potentially becoming a new but unexplored threat for biodiversity conservation
(Fig. s.1b). However, the ecological impacts of LLHI events on biological populations are
still poorly understood (but see Anderson et al., 2017), and they currently represent a key
research frontier in global change biology (Bastos et al., 2023; Bevacqua et al., 2021; Buck-
ley etal., 2023a; Jentsch et al., 2007; van de Pol et al., 2017; Wood et al., 2023; Zscheischler
etal., 2018).

LLHI events can have strong impacts on animal and plant populations through direct
and indirect effects (Fig. s.1c). Directly, by pushing organisms to stressful conditions be-
yond their tolerance and triggering nonlinear physiological responses (e.g. heat-induced
mortality). Indirectly, LLHI events may affect key food resources (Johansson et al., 20205
Maron et al., 2015; van Bergen et al., 2020) or modify top-down controls in the trophic
web exerted by predators, parasites, or other biological agents (Harvey et al., 2020). Al-
though such events may last only a few days, their stressing effects can persist during a
considerable proportion of the organisms’ life cycles, with important consequences for
their populations (Ma et al., 2021). Moreover, these impacts can combine during a com-
pound event, with potentially larger effects than in single events occurring separately (i.e.
interactive effects; Zscheischler et al., 2018).

Predicting natural population responses to the growing impacts of LLHI events with
correlative approaches is usually problematic, given their scarcity in historical climatic
records (Buckley et al., 2023a; van de Pol et al., 2017). Thus, to understand and predict
the impacts of extreme events on populations we need process-based models explicitly
integrating the underlying demographic mechanisms, such as Matrix Population Mod-
els (MPMs; Buckley et al., 2023a; Herrando-Pérez, 2013; Urban et al., 2016; van de Pol
et al., 2017). While there have been many recent advances to mechanistically predict how
climate variation affects key vital rates such as developmental time or juvenile mortality,
the attempts to upscale these physiological effects and model the consequent population
responses are still relatively scarce (Greiser et al., 2022; Jorgensen et al., 2022b; Kearney
and Porter, 2020; Kearney et al., 2018; Kingsolver, 2000; Kingsolver and Buckley, 2017;
Rezende et al., 2020b; Vives-Ingla et al., 2023; von Schmalensee et al., 2021a). MPMs
represent mathematical summaries of populations’ life cycle, allowing us to predict the
impacts of extreme climatic and LLHI events on populations using a process-based and
integrative approach (e.g. Capdevila et al., 2016; Davis, 2022; Jenouvrier et al., 2009, 201s;
Logofet and Salguero-Gémez, 2021; Pardo et al., 2017). If we know how LLHI events im-
pact the vital rates included in the MPM, we can simulate the behaviour of the popula-
tion under different regimes of extreme events (Fig. 5.1a; Capdevila et al., 2016; Jenouvrier
et al., 2009, 2015; Pardo et al., 2017). Specifically, MPMs can be simulated on different se-
quences of extreme events of varying intensities (LLHI or not) and types (single and com-
pound, Fig. s.1b). Thus, with MPMs, we can quantify the direct and indirect effects of
extreme climatic impacts on populations, and the interactive effects of compound events.
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Finally, MPMs allow modelling the varying impacts of extreme events across the different
stages of the organisms’ life cycle (Fig. 5.1c). By determining the key life stages of the pop-
ulation, these models identify the mechanisms driving population declines and assist the
development of informed conservation strategies (Caswell, 2001; Kerr et al., 2020; King-
solver et al., 2011; Ma et al., 2021; McDermott Long et al., 2017; Radchuk et al., 2013).

The use of MPMs in global change ecology has often been limited by the quantity of
experimental and fine-grained observational data they require. Here, we use a long-term,
consolidated study of a model insect to parametrise an MPM and predict their popu-
lation responses to extreme LLHI events (Carnicer et al., 2019; Vives-Ingla et al., 2020,
2023). Because of their ectothermic nature and short life cycles, insects are generally very
sensitive to changing environmental conditions and are often used as model organisms
to study the physiological and demographic impacts of climate change (Hill et al., 2021;
Johnson and Jones, 2017; Price et al., 2011). Furthermore, understanding insect responses
to climate change is of major importance, as they perform key ecosystem functions, such
as pollination, soil formation, pest control, decomposition, and nutrient cycling (Seast-
edtand Crossley, 1984; van der Sluijs, 2020; Weisser and Siemann, 2007). During the last
decades, many insect populations have shown significant and rapid declines (van Klink
et al., 2020a,b; Wagner, 2020); and it is becoming increasingly apparent that, among all
other drivers of insect trends, climatic change will take a preeminent role in the coming
years (Dicks et al., 2021; Jaureguiberry et al., 2022; Neff et al., 2022; Wagner et al., 2021b).

Here we analyse a unique long-term high-resolution demographic and physiological
data set for the Mediterranean populations of the butterfly Pieris naps exposed to hot,
dry, and compound hot-dry extreme events (Carnicer et al., 2019; Stefanescu et al., 2011b;
Vives-Ingla et al., 2023). With this information, we first build MPMs and identify the key
stages and vital rates for the population performance using an elasticity analysis on the
matrices. Then, we reproduce the observed demographic dynamics under the current
regimes of extreme climatic events to validate our model. Finally, we project the popula-
tion under different scenarios of global warming with an increasing proportion of single
and compound LLHI events, and quantify the separate and interactive effects of extreme

heat and drought.
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Figure s.x: Matrix population models (MPM) and the effects of low-likelihood, high-impact extreme
events (LLHI events) on insect ecophysiology and demography in future global warming scenarios. (a)
1. Climate change will progressively increase the frequency and intensity of extreme LLHI events (dark-
red square). 2. Extreme events often trigger negative, nonlinear responses on key insect vital rates, such
as individual survival and reproduction, potentially affecting population performance. 3. Process-based
models like MPMs allow the quantitative integration of multiple climatically-induced ecophysiological ef-
fects on vital rates providing, as a predictive output, the expected population growth response. 4. MPMs
enable the prediction of declining and non-declining population responses of insects to the increasing im-
pacts of extreme LLHI events. (b) A diagram illustrating the non-proportional increase in the frequency
of LLHI events expected with ongoing global warming and the associated emergence of novel climatic
regimes (IPCC, 2021). Several types of extreme events are represented. The growing size of red circles
represents the predicted increase of extreme heat events by the IPCC. Similarly, lower, ochre circles repre-
sent drought events, which will also increase progressively in novel climates in some regions of the globe
(IPCC, 2021). Note that inside the red circles, increasing dark red portions highlight the non-proportional
increase of strong LLHI heat events predicted in novel climates. Finally, brown areas of the intersecting
red and ochre circles illustrate the expected increase of compound hot-dry events. Further methodological
details can be found in Appendix C: Fig. Cs, Table C1, and Appendix C.3. (c) Extreme climatic events im-
pact insects across their life cycles and through multiple pathways including direct and indirect effects, and
their combined action. Red circle: direct effects of extreme heat on insect physiological rates in multiple
stages of the life cycle (egg, larvae, pupae, and adult). Ochre circle: indirect effects of drought on insects
by reducing host-plant availability. Brown circle: interactive effects of direct (extreme heat) and indirect
(drought-induced plant scarcity) impacts triggered by compound hot-dry events.
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5.2 Methods

s.2.1  Study system

Our model species for the MPM demographic analyses is the green-veined white ( Peris
napi L. 1758), a very common and widespread butterfly throughout the Holarctic region
(Tolman and Lewington, 2009). It is an extensively-studied species, with much research
focusing on their physiological responses to thermal, drought, and food stresses (Bauer-
feind and Fischer, 2013b, 2014b; Carnicer et al., 2019; Degut et al., 2022; Glinter et al.,
20203; Kuczyk et al., 20215 Shapiro, 1979; Vives-Ingla et al., 2023; von Schmalensee et al.,
20213, 2023), which consolidate the species as a model to study climate change impacts
on insects. We have studied the climate-induced declines of this model species over the
last three decades in the north-east of the Iberian Peninsula. This location is a European
hotspot of butterfly diversity and endemicity, and a global hotspot of climate change im-
pacts associated with the increasing frequency of hot events, dry events, and hot-dry com-
pound events (Giorgi, 2006; Lemus-Canovas and Lopez-Bustins, 2021; Newbold et al.,
2020; Seneviratne et al., 2021; Simolo and Corti, 2022; Stefanescu et al., 20113; van Swaay
et al., 20105 Vogel et al., 2020). To study their population dynamics in this area, we used
a unique long-term demographic series (1993—2018) from the Catalan Butterfly Moni-
toring Scheme (CBMS, www.catalanbms.org, Pollard and Yates, 1993; Stefanescu, 2000).
The species currently shows a geographic mosaic of demographic trends (Fig. Cr), with
some populations increasing or remaining stable in climatically-buffered areas, and de-
clining populations often located in more exposed, lowland sites (Fig. 5.2a; Carnicer et al.,
2019; Vives-Ingla et al., 2020, 2023). To parametrise the MPM for the species, we com-
plemented these demographic series with detailed observational and experimental infor-
mation regarding the phenology of the adults; the developmental rates and the thermal
tolerance of the immature stages; their microclimatic exposure; and the seasonal cycles of
their host plants from one declining and one non-declining population (see below and
Appendix C.2; Carnicer et al., 2019; Vives-Ingla et al., 2020, 2023).

Pieris napi is multivoltine in the study area. Populations display each year an initial
spring generation when hibernating pupae end their diapause, followed by multiple sub-
sequent generations that directly develop during summer. They typically produce a total
of three consecutive generations in colder, mid-elevation areas (Fig. s.2a, left panel), and
can reach up to four or five generations in warmer, lowland Mediterranean areas (Car-
nicer et al., 2019; Vives-Ingla et al., 2020). The demographic declines observed in these
lowland populations have been associated with increased summer droughts (Carnicer
et al., 2019). More specifically, previous field studies have shown that drier soil condi-
tions during summer induce an earlier decay of the host plants used by these populations
(Vives-Ingla etal., 2020). The developing larvae of the third annual generation during dry
summers are thus exposed to an important reduction of food availability (Fig. s.2a, right
panel; Carnicer et al., 2019; Vives-Ingla et al., 2020, 2023), negatively affecting population
growth rates.
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5.2.2 Population matrices

To simulate the population consequences of different regimes of extreme LLHI events
we used MPMs. These models are mathematical summaries of the population life cycle
represented in a transition matrix (A) containing the probabilities of any individual of a
given size, age, or stage class to transition into any other class (Caswell, 2001). The tran-
sition matrix allows to predict the structure of the population at any time (i.e. 1y, the
distribution of their individuals in different classes) given the vector with their previous
structure (1,1 ) (Caswell, 2001, Eq. (5.1)):

ng = Axn (5.1)

The transition probabilities included in A are calculated from the vital rates across
the life cycle of the modelled organism. We parameterised the MPM of P. napi following
the matrix structure recently proposed by Kerr et al. (2020). The model classified individ-
uals into adults and juveniles, and subdivided these two stages by their age in days. The
juvenile stage included the egg, larval, and pupal states. Therefore, A was compounded
by four submatrices (Eq. (5.2)) representing juveniles surviving but not transitioning to
adults (A 7 juvenile stasis submatrix, hereafter); juveniles surviving and transitioning to
adults (A sy, juvenile transition submatrix); and the adult survival (A/,7) and adult fe-
cundity submatrices (A 7).

A= (AJJ Ay ) (5.2)

AJM AMM

The elements of these submatrices were calculated from the following vital rates: ju-
venile survival (j,), juvenile maturity (e,), adult survival (s, ), and adult fecundity (/). A
more detailed mathematical description is provided in Appendix C.2 (see also Kerr et al.,
2020).

As the species produces several generations per year, we built two separate transition
matrices representing spring and summer generations to capture the differences in the
mean microclimatic conditions and vital rates during their development. All the analyses
to parametrise the model and the subsequent demographic projections were performed
in the R environment version 4.3.0 (R Core Team, 2023).

5.2.3 Model parametrisation
Transition probabilities

The submatrices of juvenile stasis (A7) and juvenile transition (A ) included the es-
timates on juvenile survival (j,) and the probability of pupal eclosion (e, the probabil-
ity of transition from the juvenile to the adult stage conditioned on juvenile survival).
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We estimated these parameters experimentally in growth chambers programmed under
both spring and summer mean microclimatic temperatures and light conditions induc-
ing direct development (i.e. without pupal diapuase, 13:11 L:D, Fig. C2). To account for
juvenile predation and parasitism (which was prevented in the growth chamber experi-
ments), we added an extra 5% of daily juvenile mortality, obtaining similar probabilities
for an egg to become an adult to those reported in the field (~7-10%) (Fig. C3; Cappuc-
cino and Kareiva, 198s; Doak et al., 2006; Forsberg, 1987; Keeler et al., 2006; Yamamoto,
1981). For the A/ 7 and Az submatrices, we obtained adult fecundity ( f;) and survival
rates (S,;) from published quantifications for this species both in field and laboratory con-
ditions (Brooks et al., 2017b; Friberg et al., 20155 Kerr et al., 2020; Larsdotter-Mellstrom
et al., 2010; Ohsaki, 1980; Pick et al., 2019; Vilimiki et al., 2006; Wiklund et al., 1993). We
checked that the resulting matrices were primitive, irreducible, and ergodic. This means
that no portion of the life cycle is isolated; any individual can go from any class to every
other class; and that projections of the matrix will always exhibit the same asymptotic
outcome regardless of the initial conditions (Otto and Day, 2011; Stott et al., 2010). A
visual representation of the parameters finally compounding the transition matrices can

be found in Fig. C4.

Extreme event impact

We simulated extreme heat events on a daily basis and a microclimatic scale. We defined
extremely hot days as days where maximum microclimatic temperature (75,4, ) exceeded
35 °C, and categorised them as LLHI hot days if 7}, > 40 °C (i.e. a less frequent but
higher-impact extreme event) (Fig. 5.2b red circle). To simulate the direct impacts of heat
days on the species, we multiplied the juvenile survival and eclosion by a thermal mortal-
ity variable (k) that depended on 75,4, Thermal mortality values were quantified both in
the non-declining and declining model populations combining the experimental thermal
death time curves of the larvae (TDT curves) and field microclimatic records (Carnicer
et al., 2019; Rezende et al.,, 2014, 2020b; Vives-Ingla et al., 2023). To estimate drought ef-
fects on insect vital rates, we conducted a complementary growth chamber experiment
under the same summer microclimatic and light conditions, but limited host-plant avail-
ability (see Section 5.2.3 Transition probabilities). With these experimental estimates, we
modelled the reduction in the juvenile survival rates and eclosion time due to the impacts
of summer drought on host-plant availability (Fig. 5.2b, ochre circles). A detailed descrip-
tion of the parametrisation of the extreme climatic events is provided in Appendix C.2.2.

s.2.4 Population projections

We projected the dynamics of the populations between consecutive generations in
different seasonal regimes of extreme climatic events with the project function from the
popdemo R package, version 1.3-1 (Stott et al., 2012). We simulated the different transition
periods between generations that a representative lowland, declining population and a
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mid-elevation, non-declining population typically show across the year. The projections
started with an initial vector of 1 recently-emerged reproductive adult (i.e. ng with radult
of age 1, and o individuals of the other stages) and lasted 70 days to give enough time
to the simulated population to complete the whole life cycle, when the adults from the
subsequent generation emerged (i.e. around 20-so days, depending on microclimatic
exposure (Carnicer et al., 2019; Vives-Ingla et al., 2023; von Schmalensee et al., 2021a).

The first transition between generations thus simulated the period from reproduc-
tive adults that emerge in early spring after winter dormancy to the developing larvae and
the subsequently emerging adults in May-June (1 ; in Fig. 5.2a). We conducted these
simulations with the A,y matrix, estimated from growth chamber experiments repro-
ducing spring thermal conditions (20 °C treatment). For the subsequent transitions, we
used the summer A matrices (estimated from the 25 °C experimental treatment), which
included the Agymmer, to simulate mild, standard summers (experimentally estimated
with enough fresh host plants), and Agyugnt, to simulate the impact of extremely dry
summers (estimated with host-plant scarcity experiments). In line with field observa-
tions, R 2 in the non-declining population was always simulated with the Aypmmer ma-
trix (mild summers), while the simulations of Ry 2 in the declining population included
both mild and dry summers. The use of these two matrices in the summer simulations
of the declining population depended on the probability of occurrence of a dry sum-
mer (Pyrought) extracted from the estimates of the IPCC-WGi for the Iberian Peninsula
(frequency of 1-in-10-year soil moisture drought for the June to August period; IPCC,
2021; Seneviratne et al., 2021). The final transition period in the declining population
(RRo,3) was always simulated with the dry-summer matrix (Agyougnt). In this summer pe-
riod, observational studies indicate that host plants are usually very scarce and affected by
drought (Carnicer et al., 2019; Vives-Ingla et al., 2020). See Appendix C.3 for a detailed
description of the procedures.

To simulate the impacts of heat events, we built a sequence of daily hot events for
each simulation (Fig. 5.2b). Based on estimated probabilities for extreme heat events (Ps5
and Py), the simulations alternatively selected between a day with usual maximum tem-
peratures (i.e. T)q, < 35 °C), an extremely hot event (75,45 > 35 °C), or an LLHI hot
event (15,42 > 40 °C). For the present-day period simulations (reproducing the 1993
2018 rates), the probabilities of occurrence of heat events (P35 and Pyy) were calculated
from the field microclimatic records taken in sheltered microhabitats selected by P. nap:
females to oviposit (Table Crand Appendix C.2; Vives-Ingla et al., 2023; von Schmalensee
etal., 2023). For the simulations in future global warming levels (GWL), the probabilities
of extreme heat events (P35 and Py) were increased based on the predictions of the last
IPCC report for the Iberian Peninsula (see Appendix C.3.1). To integrate the impacts of
the sequence of daily heat events in the simulations, we calculated the thermal mortality
value (k) for each daily event and applied it to the juvenile rates of the transition matrices
(see Section 5.2.3 Extreme event impacts). Compound hot-dry events were simulated as
dry summer periods with extremely hot days (77,4, > 35 °C, Fig. 5.2b).

We performed 10,000 projections per each transition period between generations to
account for the environmental stochasticity in the occurrence of extreme events. In each
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replicate, we built a transition matrix sampling directly from the physiological data (non-
parametric bootstrap) to also account for the variation and uncertainty in the estimated
vital rates. We guaranteed that all the bootstrapped matrices maintained their primitiv-
ity, irreducibility, and ergodicity (Otto and Day, 2011 Stott et al., 2010). We repeated
this procedure for the simulations in present-day climatic conditions (1993—2018 period,
GWL-0.85) and three future scenarios of global warming (GWL-1.5, GWL-2, and GWL-
4). The GWL-0.85 scenario corresponded to an increase in global surface temperatures
of 0.85 °C relative to 1850-1900 recorded during 19952014, covering the period of the
field demographic series of the species (Chen et al., 2021; IPCC, 2021). For the future sce-
narios, two of them were in line with the Paris Agreement goals (GWL = +1.5 °C and +2
°C), and the other consisted in a high-emissions scenario with ineffective climate policies
(GWL = +4 °C) where LLHI events increased disproportionately (Fig. Cs; Chen et al.,
2021; IPCC, 2021). The different scenarios were defined by difterent regimes of extreme
hot days and dry summers (i.e. difterent P35, Py, and FPyrougnt) based on the projections
compiled by the IPCC (Table Crand Fig. Cs; Gutiérrez et al., 2021; IPCC, 2021; Iturbide
et al., 20215 Seneviratne et al., 2021). See Appendix C.3 for further details on population
projections.

Elasticity analysis

We first conducted an elasticity analysis of all the bootstrapped matrices to identify the
demographic transitions and associated life stages that contributed the most to the pop-
ulation performance. An elasticity analysis of a transition matrix involves calculating, for
each parameter of the matrix, the relative change in fitness produced by an infinitesimal,
relative change in that parameter (Caswell, 2001; Metcalf and Pavard, 2007). This analysis
enables the quantification of the relative contribution of each matrix component to pop-
ulation growth. We calculated the elasticity of the asymptotic finite rate of population
increase (Agqy) to all the parameters of each daily matrix (i.e. 70 daily matrices x 10,000
simulations x § transition periods x 4 GWL, Fig. 5.2b3). We then summed the elastici-
ties for each submatrix, which represent four main vital processes: juvenile stasis (A7),
juvenile transition (A jpr), adult survival (Asar), and adult fecundity (Anazr).

Net reproductive rates (7))

To estimate the population performance in the different seasonal and climatic scenarios,
we calculated the transient net reproductive rate (Ry) in each of the 10,000 bootstrap
replicates conducted per scenario. Net reproductive rates represent the mean lifetime
production of offspring per female of the population, and give a rate of demographic
increase per generation and an indicator of population persistence (£2y > 1 for growing
populations, and Ry < 1 for declining ones) (Caswell, 2009). Based on its classical defi-
nition (Caswell, 2009; Lotka, 1934; Rhodes, 1940), we approximated the transient 2 as
the sum of all adult individuals of age 1 produced in the simulated population until the
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end of the first generation (the shaded areas of the population curves in Fig. 5.2b3). This
calculation corresponds to the expected lifetime offspring production of the adult of age
1 compounding the population at the beginning of the simulation.

We used the predicted I for three different objectives. Firstly, we compared the pre-
dicted Ry in current levels of global warming (GWL-0.85) with the observed R%y. This
was done in order to validate our MPM and give mechanistic support to the hypothesis
that summer drought is currently driving population declines. The model populations
are part of the Catalan Butterfly Monitoring Scheme, which provide standardised, weekly
counts of the adult butterfly of the species detected along a fixed transect from March to
September. From this data, we calculated the observed Ry in each year by summing all
the weekly counts during one flying peak of adults and dividing it by the sum of counts
of the preceding flying peak (see Appendix C.3.2). We also calculated interannual growth
rates (Agnnuat) of the populations by summing all the individuals counted during one
year and dividing it by the counts of the preceding year.

Secondly, we used the predicted Ry of the future scenarios to forecast the perfor-
mance of the population in different global warming levels and the associated regimes of
extreme climatic events. Finally, the predicted Ry were also used to quantify and com-
pare the impacts of extremely (non-LLHI) hot days, LLHI hot days, droughts, and their
combined effects. The effects of each type of extreme event on P. napi was quantified by
extracting the median In Ry of the simulations where, stochastically, no event occurred,
from the median In Ry of the simulations where only that particular type of event oc-
curred.
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Figure s5.2: Visual summary of the methods. (a) The observed adult flight curves of a typical non-declining
population (left) and a declining population (right) of the model species. The populations display several
consecutive generations (peaks of the curve) per year. Non-declining populations usually show a continu-
ous increase in the total number of individuals across the three consecutive generations, and are typically
located at mid-elevation sites. In contrast, declining populations are typically located in lowland areas and
display four or five generations across the annual cycle. (Legend continues on next page).
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(Continuation of legend from Fig. 5.2). In lowland areas, the abundance of the third gener-
ation flying between June—July importantly decreases during dry summers, which induce
an carlier die-off of the host plants (dotted curve in the ochre rectangle). The arrows be-
tween consecutive generations represent the net reproductive rates (F) calculated from
observed adult abundances or simulated with the MPM model. (b) 1. Model parametrisa-
tion. The impacts of hot days (red circle) and dry summers (ochre circles) on the popula-
tions were introduced by modifying the juvenile parameters of the MPM. Using thermal
death time curves (TDT curves) for the species and microclimatic records from the field,
we calculated the nonlinear response of thermal mortality (k) to maximum daily micro-
climatic temperature (7,4, ). Note the substantial increase in k when Tmax > 40 °C (i.c.
a LLHI hot day, represented in dark red). We estimated the impacts of drought-induced
plant scarcity on juvenile survival (j,, central circle) and the probability of adult eclosion
(e, right circle) rearing the offspring of female butterflies captured from the field in growth
chamber experiments with either fresh or drought-stressed host plants (green and ochre
curves, respectively). See Appendix C.2 for further details. 2. Projected climatic condi-
tions. We simulated the dynamics of the population between consecutive generations in
different climatic scenarios (a global warming level of 0.8s, 1.5, 2, and 4 °C). The three types
of extreme-event impacts on the vital rates (circles in br) were stochastically integrated in
the simulations depending on their probability of occurrence. Each simulation lasted a
maximum of 7o days and included an entire reproductive cycle for one generation. The
probability of extreme summer drought occurrence, based on IPCC predictions for the
Mediterranean area in the different warming levels, determined mild (green bars) or dry
(ochre bars) summer conditions in each climatic scenario. Heat impacts were simulated on
adaily scale and included extremely hot days (7,4 > 35 °C, light-red stripes) and LLHI hot
days (Traz > 40 °C, dark-red stripes). Heat events during the simulations conducted with
dry conditions were considered compound hot-dry events (brown stripes). We conducted
10,000 simulations per transition period. See Appendix C.3 for further details. 3. Key
outputs. Each simulation produced 7o daily matrices including the basal transition matrix
built directly from experimental data when no extreme event occurred (non-parametric
bootstrap) and the matrices integrating the impacts of extreme events on juvenile stages
(matrices with ochre and red circles). We conducted an elasticity analysis on each of these
matrices to identify the life stages that more importantly determine population dynamics.
With the MPMs, we also predicted the Ry in each simulation by summing all the newly-
eclosed adults produced during the first replicated generation (shaded area of the flying
curve). We used Ry to infer increasing (R > 1) or declining (R < 1) population responses
in the different global warming scenarios. See Appendix C.3 for further details.

5.3 Results

5.3.1 Observed population growth rates

Interannual growth rates calculated from field records of the monitored populations
showed, for the period 19932018, both increasing (Agnnuar > 1) and decreasing (Agnnual
<1) values. Population dynamics between years was highly variable, with some years dou-
bling individual abundance or reducing it by a half (~20% of the years, Fig. 5.3).

During the studied period, the lowland population declined in abundance, losing an
average of 3% of its individuals annually (geometric mean of Agppuar = 0.97). Yet, during
spring, the population generally grew and the second annual generation of the popu-
lation, which flies during May—June, used to be more abundant than the preceding one
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(Ro,1 >1inFig. 5.3). In contrast, during late summer, the population was strongly reduced
almost every year (geometric mean of IRy 3 = 0.25). The preceding net reproductive rate
(Ro,2) in early summer, which corresponds to the production of a drought-sensitive gen-
eration, included values both higher and lower than 1, and showed a decreasing trend (P
= 0.014 and R? = 0.2 in a linear model of the logarithm of Ry 5 against year). Thus, years
where this drought-sensitive generation declined in abundance relative to the preceding
generation, instead of growing, became more common in the later period.

The mid-elevation population increased in abundance (average annual increase of

6%). In this population, each generation used to be more abundant than the preceding
one, especially the third generation (geometric mean of its g 5 = 2.62).
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Figure s5.3: Interannual growth rates (Agnnuat) and net reproductive rates (o) of one declining and one
non-declining model population of Preris napi at alogarithmic scale calculated from field data during 1993—
2018. The logarithm of the geometric mean (dotted line) and a linear multiannual trend (dashed line) are
also shown. Note that values > o or < o represent an increasing or a decreasing growth rate, respectively.

s.3.2 Elasticity analyses and key life stages

In line with field observations, the spring transition matrix (Asping) We built from
experimental and bibliographic data had an increasing asymptotic finite rate of popula-
tion growth (A4, = 1.02). For summer matrices, A4qy had also an increasing value in the
matrix with enough fresh host plants (Asummers Aday = 1.02), but a decreasing one in the
matrix for dry summers (Agroughts Aday = 0.99). We found that juvenile stasis (i.e. the
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transition probability that a juvenile survives and remains in this stage) was the vital pro-
cess that most contributed to the fitness (A4, ) of the population for the three types of
matrices (Fig. 5.4). With a much lower contribution, adult survival was the second matrix
component that most contributed to the population growth.
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Figure s.4: Relative contribution of each matrix component to the finite rate of population increase
(Aday)- We calculated the elasticities for all the parameters of all the bootstrapped matrices and summed
them by their main component (i.e. the four submatrices constituting the transition matrices). Boxplots
are built from the median elasticities of the 70 daily matrices that each simulation contained, while the
asterisks indicate the elasticities for the matrices built from the original, non-bootstrapped data. The lower
and upper hinges of the box represent the 1st and the 3rd quartiles respectively (Q1, Q3); its inner line,
the median; and the length of the box, the IQ R = Q3 — Q1. Lower whisker represents the smallest value
> (1 — 1.5 x IQR; and the upper whisker, the biggest value < Q3 + 1.5 x IQ R. Outliers are not shown.

5.3.3 MPM validation and population forecasting

Observed and predicted distributions of R during the study period (i.e. GWL-0.8s)
substantially overlapped, which validated the use of this MPM to predict the perfor-
mance of P. nap? in different climatic scenarios (Figs. 5.5 and C6). In the GWL-0.8s sce-
nario, the values corresponding to a decreasing R (2 < 1) were mainly replicated in the
simulations with drought-induced plant scarcity (during the summer period of the de-
clining population). In contrast, the simulations that only included the effects of thermal
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mortality associated with microclimatic heat events generally led to increasing 2, (green
shades in Fig. 5.5).

With a global warming level in line with the Paris Agreement (GWL-1.s and GWL-2),
the MPM models predicted that Ry would be slightly reduced (a s-15% reduction in the
median Ry relative to the GWL-0.85 scenario). We found more important reductions
and increased variability of Ry in the high-emissions scenarios (GWL-4). These results
are associated with the increasing frequency of heat events, as pronounced reductions in
Ry were observed in the seasonal scenarios where we did not augment the probability of
drought (e.g. a 50% reduction in the median 7y 3). Notably, the projected reductions
in Ry strongly affected the currently non-declining population (Fig. s.5). In the GWL-4
scenario, the median Ry ; of this population went from 1.42 (a population increase of
42%) to 0.68 (a population decrease of 32%).

5.3.4 Impacts of extreme LLHI and compound events

In Fig. 5.6a we summarised the effects of each type of extreme event on the drought-
sensitive generation of the declining population of P. napi (R 2, see Fig. C7 for the effects
in other seasons). The impacts of extreme heat events increased with global warming level,
due to the rising frequency of extremely hot days (red bars in Fig. 5.6a). The decreases in
Ry 2 were higher in the simulations where these extremely hot days included at least one
LLHIhotevent (7,4, > 40 °C, dark-red bars). Furthermore, the In R » diminished with
the number of LLHI hot days (Fig. 5.6b) but remained stable when plotted against the
number of non-LLHI hot days (i.e. 35 < 155,42 < 40 °C, Fig. C7). These results indicate a
key role of the non-proportional increase of LLHI events in driving the projected strong
declines of the species under novel regimes of extreme events.

Dry summers without extremely hot events (ochre bars) had more negative impacts
on IRy 2 in all climatic scenarios than summers with extremely hot days but enough plant
availability (Fig. s.6a). While several non-LLHI hot days are usually produced during
summer simulations, more than 90% of the simulations in GWL in line with the Paris
Agreement produced no or just one LLHI hot day per month (Fig. 5.6¢). In these con-
ditions, the effects of drought-induced plant scarcity were higher than thermal mortality
associated with extreme heat exposure. Yet, in the high-emission scenario (GWL-4),1in 6
summers produced 2 or more LLHI hot days per month (Fig. 5.6¢), leading to a decreas-
ing Ry (In Ry 2 < 0), and equaling or surpassing the effects of drought-induced plant
scarcity (arrows at 2 and 3 LLHI hot days month™1, respectively, vs. the arrow at o in
Fig. 5.6b).

Opverall, the MPM predicted the most negative impacts when both heat and drought
events co-occurred (larger brown bars in Fig. 5.6a). The sum of the separate effects of
extremely hot and drought events (dashed bar in Fig. 5.6a) led, however, to more nega-
tive impacts than those directly predicted from the simulations with compound hot-dry
events (i.e. an extra decrease of 25—30% in R, brown bars). These results indicate a com-
pensatory interaction between the two types of extreme events, which is also denoted by
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Figure s.5: Distribution of the logarithm of the net reproductive rates (12y) observed in a declining and
a non-declining model population during 1993—2018 (grey shades), and the predicted Ry in different sea-
sonal and climatic scenarios (coloured shades). The predicted values of Ry were predicted from the 10,000
bootstrap replicates performed for each climatic scenario defined by different frequencies of hot days and
dry summers. The distributions placed at the left of the dashed line represent the observed and predicted
Ry at current climatic conditions (GWL = +0.85 °C), and their comparison enables MPM validation. The
distributions at right of the dashed line represent predicted Ry at future global warming levels meeting the
Paris Agreement (GWL = +1.5 and +2 °C) or not (GWL = +4 °C). Ochre simulations indicate dry sum-
mer and plant scarcity conditions, and are differentiated from simulations of mild summers with enough
plant availability (green). Boxplots summarise the distribution of the complete set of 10,000 simulations
for each climatic and seasonal scenario. The lower and upper hinges of the box represent the 1st and the 3rd
quartiles respectively (¢)1, (J3); its inner line, the median; and the length of the box, the IQR = Q3 - Q1.
Lower whisker represents the smallest value > Q)1 — 1.5 x Q) R; and the upper whisker, the biggest value
< Q3 + 1.5 x IQR. Outliers are not shown.

the tendency to converge, as the number of LLHI hot days per month increased, of the
simulations with enough plant availability and those with plant scarcity (Fig. 5.6b).
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Figure 5.6: The effects of different extreme events on Ry. (a) Effects of each type of extreme climatic event
quantified by subtracting the medians of the logarithmic net reproductive rates of the simulations where no
extreme event occurred from the simulations where the extreme event occurred. Non-LLHI heat events:
simulations where only extreme, non-LLHI heat events occurred (35 °C < daily T},,44 < 40 °C). Extreme
heat events: simulations where only heat events occurred (both LLHI and non-LLHI). Drought events:
simulations with drought but no heat events (daily 7,4 <35 °C). Hot-dry compound events: simulations
with co-occurring drought and heat extreme conditions (both non-LLHI and LLHI). The dashed column
represents the sum of the effects of the extreme heat and drought events when they occurred separately.
Dashed columns ending before the coloured column indicate that the interactive effects are synergistic,
while coloured columns ending before the dashed ones are indicative of compensatory interactions of the
two effects. (b) Linear fits of the logarithmic net reproductive rates with the number of LLHI events oc-
curring during the first 30 days of the simulations, in enough plant (green line) or drought-induced plant
scarcity conditions (ochre line). (Legend continues on next page).
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(Continuation of legend from Fig. 5.6). The ochre line at LLHI events month™! > o thus
represents the predicted In Ry when hot-dry compound events occur. Arrows represent
the effects that the different extreme events have on In Ry. The left arrow indicates the
effects of a dry summer with no LLHI heat event; and the next arrows, a summer with at
least one LLHT heat event but no drought. (c) Frequency of stochastic simulations with o
to s LLHI hot days during the first 30 days in each climatic scenario. All the analyses only
include the simulations of the key generation of the declining population.

s.4 Discussion

s.4.X The impacts of LLHI single and compound events on insect
populations

Climate change and the associated increase in extreme climatic events are important
drivers of insect declines worldwide, yet the underlying mechanisms remain poorly un-
derstood (Dicks et al., 2021; Halsch et al., 2021; Wagner, 2020; Wagner et al., 2021b). This
is especially true for those extreme events placed further at the tails of climatic distribu-
tions (low-likelihood, high-impact or black-swan events), whose rare occurrence compli-
cates the statistical study of their effects from historical records. Previous studies have as-
sociated extreme climatic events with strong changes in insect population growth rates,
but without specifically considering LLHI single and compound events (Harvey et al.,
2020; Johansson et al., 2020; Oliver et al., 2015; Palmer et al., 2017; Ubach et al., 2022; van
Bergen etal., 2020). Despite being extreme events of much lower frequency, LLHI events
are expected to have more detrimental impacts on natural systems than more recurrent
but less harmful extreme events (Seneviratne et al., 2021; Sutton, 2018; Zscheischler et al.,
2018). Our study clearly supported this expectation and predicted, for the first time, the
impacts that single and compound LLHI events would have on an insect model species.

We found that the occurrence of LLHI hot and dry events was determinant to pre-
dict declining net reproductive rates of P. nap: populations (R < 1; Figs. 5.6 and C7).
Despite not being tested in our study, the key role of LLHI events found is likely ex-
tensive to other insects and animals. For example, Anderson et al. (2017) showed that
around 5% of the insect, mammal, and bird analysed populations displayed statistically
improbable and strong abundance crashes, often related with successive extreme climatic
events (i.e. compound events). Generalised LLHI impacts on insects would be of par-
ticular concern because many ecosystem functions —such as pollination, macrodecom-
position, and trophic linking between primary producers and consumers— depend on
insects (Weisser and Siemann, 2007). In addition, the latest IPCC projections predict
that, as climate changes, LLHI events will increase further than less severe extreme events
(IPCC, 20215 Lemus-Canovas and Lopez-Bustins, 2021; Seneviratne et al., 2021; Simolo
and Corti, 2022; Vogel etal., 2020), potentially emerging as an overlooked threat for insect
populations (Jergensen et al., 2022b; Malinowska et al., 2014; Soroye et al., 2020; Warren
et al., 2021; Zscheischler et al., 2018). Overall, our findings give an ecological perspective
on the consequences of increasing LLHI single and compound events in novel climates,
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complementing recent climate research that highlights their expected crucial role in the
future (Bastos etal., 2023; Bevacqua et al., 2021; Seneviratne et al., 2021; Zscheischler et al.,
2018).

Negative, indirect effects of drought on population dynamics through reducing host-
plant availability have been described for other butterfly species (Ehrlich et al., 19805 Jo-
hansson et al., 2020; McLaughlin et al., 2002; Singer and Parmesan, 2010; van Bergen
etal.,,2020). In fact, extreme droughts are behind many crashes in insect abundance (Car-
nicer et al., 2o011; Oliver et al., 2015; Palmer et al., 2017; Shure et al., 1998) and are one of
the most important driving forces of butterfly dynamics in the Mediterranean climates
(Crossley et al., 2021; Donoso et al., 2016; Forister et al., 2018; Herrando et al., 2019; Ste-
fanescu et al., 2011a; Ubach et al., 2022; Uhl et al,, 2022). In the model system we used
to parametrise the MPM, previous studies empirically linked the negative trends of the
declining populations of P. nap: to drought-induced plant scarcity in summer (Carnicer
et al,, 2019; Vives-Ingla et al., 2020). Our simulations gave full support to this drought-
driven process, as predicted values for Ry in the present-day climatic conditions (GWL-
0.85) were more similar to observed when drought-induced plant scarcity was included

(Fig. s.5).

In relation to the microclimatic heat impacts, our results showed that the physiologi-
cal effects of extremely hot days not exceeding the 40 °C threshold were not lethal enough
to produce a conspicuous response at the population level (Fig. s.6a and Fig. C7). This
contrasted with LLHT hot days (77,4, > 40 °C), which rapidly led to declining R, as the
number of events per month increased, especially when coinciding with a dry summer
(compound hot-dry events, Fig. 5.6). These results indicate that LLHI hot events have a
disproportionate impact on population performance despite their lower frequency. The
disproportionate impacts of LLHI hot days relative to non-LLHI hot days are associ-
ated with the nonlinear responses of larval mortality to microclimatic thermal exposure
(Fig. 5.2b; Carnicer et al., 2019; Jorgensen et al., 2022b; Rezende et al., 2014, 2020b; Vives-
Ingla etal,, 2023). Nonlinear and threshold-like physiological responses are usual triggers
of the sometimes-unexpected impacts of extreme climatic events on insects and other bi-
ological systems (Buckley et al., 2023a; Jorgensen et al., 2022b; Koons et al., 2009; Ma
et al., 2021; Drsted et al., 2022; van de Pol et al., 2017). For example, in the case of the un-
precedented episodes of forest mortality recorded during recent extremely hot-dry events
(Adams etal., 2017; Allen et al., 2010; Anderegg et al., 2016), the biphasic curve of the leaf
cuticular conductance of plants in response to temperature has been identified as a likely
underlying mechanism of the tree hydraulic failure (Cochard, 2021). These processes un-
derpin the ecological relevance that LLHI single and compound events will have as they
become more frequent in novel climates, potentially emerging as a new driving mecha-
nism of insect declines.

In our study system, LLHI heat events are still infrequentin current conditions (Fig. 5.6c¢

and Table Cr), and long-term declining trends are only found in those populations more
affected by drought and hot-dry events in the lowlands (Figs. 5.3 and s5.5). However, in
future scenarios of global warming, especially in those that do not meet the Paris Agree-
ment (GWL-4), our simulations indicate that the disproportionate increase in LLHI hot
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days will also negatively affect currently buffered populations (Fig. s.5). Thus, if green-
house gas emissions are not reduced fast enough to meet the Paris Agreement, our results
predict a shift from the current situation characterised by a geographic mosaic of increas-
ing, stable, and declining population trends (Fig. C1), to a scenario with a higher and
pervasive risk of regional butterfly declines and extinction. This situation of widespread
shrinkages of butterfly populations could likely lead to a worse scenario if it prompted
an associated reduction of the potential rescue effects between connected populations
(Brown and Kodric-Brown, 1977; Hanski, 1999), a process that has not been modelled in
our study.

Moreover, our results have relevant implications in other areas of the globe beyond
the Mediterranean region. For example, the increase in LLHI hot days is expected to
be especially disproportionate relative to background conditions in the tropics (Senevi-
ratne et al., 2021; Simolo and Corti, 2022; Vogel et al., 2020). This is a disturbing pre-
diction because tropical areas are estimated to host 85% of global insect diversity (Stork,
2018), while, at the same time, insect trends in this region are far less described (Finn et al.,
2023). Climate change impacts have already been quantified for some tropical insects (e.g.
Janzen and Hallwachs, 2019; Salcido et al., 2020), which generally present a narrow ther-
mal safety margin (Deutsch et al., 2008; Hoffmann et al., 2013; Rezende and Bozinovic,
2019; Sunday et al., 2014) and a high degree of specialisation (Forister et al., 2015). There-
fore, LLHI hot events in the tropics might have as severe impacts on insect populations,
if not more, than those predicted in the present study.

s.4.2 Process-based approaches to study extreme events impacts
on insects

Our study quantified the impacts of extreme events on a model insect species by ex-
plicitly representing the demographic processes in a MPM ultimately determining its
population dynamics. As previous studies have shown, MPMs provide a sound mathe-
matical framework to predict population responses to extreme climatic events (Capdev-
ila et al., 2016; Davis, 2022; Flockhart et al., 2015; Herrando-Pérez, 2013; Jenouvrier et al.,
2009, 2015; Morris etal., 2008; Pardo etal., 2017). In comparison to correlative approaches
where the underlying mechanisms connecting drivers to the responses are usually ob-
scure, with MPMs we were able to distinguish the effects of extreme events of different
nature and intensity. In particular, our simulations quantified distinct specific processes
triggered by different climatic drivers affecting insects both directly (heat effects on larval
mortality) and indirectly (effects of drought-induced plant mortality on juvenile survival
and eclosion). Disentangling the effects of this complex net of processes can be rarely
done with descriptive, correlative methods (Connolly et al., 2017; Ellner and Gucken-
heimer, 2006; Grainger et al., 2022). For this reason, process-based models calibrated
with experimental and field data are critical to improve our understanding and predictive
capacity of climate change impacts on insects (Buckley etal., 2023a; Ma et al., 2021; Maino
etal., 2016; Urban et al., 2016; van de Pol et al., 2017; Yang et al., 2021), although they may
come with some other limitations, such as their high-quality data requirements.



5.4. Discussion

With our MPM we were also able to quantify the combined effects of compound
hot-dry events (Fig. 5.6). Notably, the decline in the median Ry was about 20-35% in-
ferior in the simulations including compound events than the sum of the two types of
events occurring separately (Fig. 5.6a). These results indicated a positive, compensatory
interaction (i.e. antagonism) between heat and drought events, likely stemming from an
earlier mean date of pupal eclosion in the drought-induced plant scarcity simulations that
reduces the time of exposure of the juveniles to high thermal mortality rates (Fig. s.2br
and Appendix C.2.2). Although compensatory interactions between multiple drivers of
ecological change are far less reported than synergies, they are also common (Darling and
Coté, 2008; Jactel et al., 2019). The positive interaction found in our study emerges from
the impacts we integrated in the MPM (heat and drought effects on juvenile survival and
eclosion). Therefore, while this interaction is capturing one plausible process, other ef-
fects and pathways of interaction between the two stressors that were not modelled in our
study could also occur in the field. For example, the microclimatic heat exposure of the
larvae on their host plants can increase due to thermal amplification feedbacks when soil
and plant evapotranspiration is reduced by summer drought (Carnicer et al., 2019, 2021;
Cochard, 20215 Pincebourde and Woods, 2012; Vives-Ingla et al., 2023; Wood et al., 2023).
Similarly, during dry summers, limited access to fresh host plants could also increase the
thermal sensitivity of the larvae, making them more vulnerable to heat challenges (Huey
and Kingsolver, 2019). These positive feedbacks were not explicitly modelled, as heat and
drought impacts were included separately in our simulations, and could have changed
the overall sign of the interaction between the two stressors (e.g. from antagonism to

synergy).

Another relevant outcome of MPM:s is the identification of the vital rates and associ-
ated life stages that contribute relatively more to population growth rates. In correlative
approaches, the identification of key life stages is inferred by considering climate drivers
at a subannual scale and detecting the period with the highest statistical signal (McDer-
mott Longetal., 2017; Ubach etal., 2022). Again, this inference is especially unclear when
different life stages overlap temporally and multiple climatic drivers in a single model are
considered. We found the highest elasticity values for the components of the juvenile sta-
sis submatrix (i.e. the probability of juveniles surviving and remaining in the same stage,
Fig. 5.4). Thus, juveniles, the life stage that is receiving the impacts of extreme events in
our models, importantly contribute to population dynamics. The use of MPMs on in-
sects is still scarce. Yet, comparative studies including insect MPMs found that short-lived
organisms presented higher elasticities of population growth rates to survival than to re-
productive rates, in line with our results (Morris et al., 2008). A key role of early life stages
on insect performance have also been found in similar MPM:s built for closely-related
species (Kerr etal., 2020) and in other experimental studies on butterflies (Carnicer et al.,
2019; Klockmann and Fischer, 2017; Vives-Ingla et al., 2023).

The high elasticities found for the juveniles in our MPM reinforce the idea that low-
detectability and understudied life stages should not be ignored, and that climate change
responses of insects should be assessed across their whole life cycle (Brunner et al., 2023;
Kingsolver et al., 2011; Logofet and Salguero-Gémez, 2021; MacLean et al., 2016; Nguyen
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et al., 2019). In this line, our model could be further improved by integrating the ad-
ditional impacts that extreme drought and microclimatic heat exposure have on adult,
pupal, and egg survival, or the carry-over effects of larval heat stress on adult parameters
(Degut et al., 2022; Donoso et al., 2016; Flo et al., 2018; Harvey et al., 2020, 2023; Karls-
son and Wiklund, 2005; Klockmann et al., 20or7b; Ma et al., 2021; MacLean et al., 2016;
Murphy etal., 1983). Adding these additional impacts could produce even more severe de-
clines than those predicted in this study, but a preliminary analysis suggests that juveniles
would still be the stage with higher elasticities in our MPM (Fig. C8).

The variation in the population growth rates ultimately depend on both the abso-
lute change in the underlying vital rate and its relative contribution to the population
growth rate (i.e. the elasticity). Therefore, having a low relative contribution to popula-
tion growth rates does not necessarily imply being aless important regulating factor of the
population, if the vital rate shows high interannual fluctuations (Logofet and Salguero-
Gémez, 2021; Romanov and Masterov, 2020). For instance, early demographic life-table
studies on Pierid butterflies associated population fluctuations to changes in the realised
fecundity of the females more frequently than to larval mortality (Courtney, 1986; Demp-
ster, 1967, 1983; Hayes, 1981; Kingsolver, 1989; Warren et al., 1986). Specifically, they at-
tributed explosions in butterfly abundance to years with good weather during the ovipo-
sition season; and population crashes, to years with a more limited availability of time for
oviposition. In our study, although we found low elasticity values for reproductive rates,
adult survival rates —the other key determinant of realised fecundity— accounted for
around one fifth of the contribution to population growth (Fig. 5.4). Moreover, despite
not modelling the impacts of extreme events on adult fecundity, the realised fecundity in
the different bootstrap replicates substantially varied and was positively associated with
increasing net reproductive rates (Fig. C9).

Most of these seminal demographic studies were conducted in temperate climates;
and the experiments used to parametrise adult fecundities in our MPMs, too. In other
climatic regions —such as in the Mediterranean— where sunny, clear days are more fre-
quent, adult females are likely less limited than in temperate locations, and other life
stages could be equally or more important (Ubach et al., 2022). In this line, our MPM
could be further improved by including adult vital rates parameterised with field data
from Mediterranean populations. This addition could help to understand the overall
contribution of different life stages and vital rates on population dynamics, and the vari-
ation of their contribution across latitudinal and climatic axes.

The predictive potential of our MPM could also benefit from the simulation of the
overwintering generations and the additional impacts of increasing thermal extremes dur-
ing autumn and winter (Lehmann et al., 2017; Nielsen et al., 2022; Ubach et al., 2022).
For instance, modelling approaches including this overwintering generation would en-
able the prediction of long-term trends of the populations from the net reproductive
rates between consecutive generations calculated in our study. Overall, despite these po-
tential improvements, our study provides a methodological step forward to forecast in a
process-based way the demographic impacts of extreme climatic variability on organisms
with complex life cycles.



5.5. Conclusions

s.s Conclusions

Humans are thinning the fazbric of life on which we all depend (sensu Diaz, 2022) by
exploiting natural resources, changes in land use, polluting the environment, displacing
species worldwide and, more recently, by warming the climate (Jaureguiberry etal., 2022).
These anthropogenic pressures are complex and multifaceted, leading to intricate ecolog-
ical responses (Lehmann et al., 2020; Yang et al., 2021). Understanding and forecasting
the future of biodiversity in the novel conditions of the Anthropocene require more re-
alistic models that integrate the fundamental mechanisms driving biological responses
(Buckley et al., 2023a; Maino et al., 2016; Urban et al., 2016). In this study, the use of
process-based models allowed us to predict the impacts of these newly emerging stressors
(LLHI events) on the populations of a model butterfly species. Moreover, we did it by
explicitly including the least-studied life stages (juveniles), which are often determinant
for population dynamics. If the processes modelled in our study also take place in other
species, LLHI single and compound events will likely have a key role on future insect de-
clines as the climate changes. Crucially, our simulations suggest that the disproportionate
increase of LLHI events in high-emissions scenarios could affect previously-buffered and
stable populations, increasing regional extinction risks. Overall, the study predicts the
high impacts that novel regimes of extreme events emerging in high-emission scenarios
might have on insect populations and the important ecosystem functions they sustain,
providing new evidence of the need to keep global warming within the Paris Agreement
goals.
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6.1 Unravelling the processes linking Pieris napi
responses to climate change

6.1.1 The geographic mosaic of Pieris napi vulnerability to
climate change

In this thesis, I investigated the climatic and ecological processes mediating the im-
pacts of extreme heat and drought on the populations of a common and well-known
butterfly in the north-west of the Mediterranean basin. Because most studies on insect
responses to climate change use correlative phenomenological methods, the underlying
mechanisms linking climatic drivers to insect responses are usually unknown (Urban
et al., 2016). Yet, unravelling the fundamental processes producing these responses re-
mains a key knowledge gap for building relevant predictive models of current and future
impacts of climate change on insect populations (Buckley et al., 2023a; Urban, 2019; Ur-
ban et al,, 2016; Yang et al., 2021). With the aim to contribute to this key challenge, I
intensively characterised the different processes shaping P. nap: exposure and sensitivity
to climate variation in five contrasted populations (Chapter 1: Table 1.2). Specifically,
combining field and experimental observations, I quantified the microclimatic exposure
of the juveniles at their microhabitats and host plants; the plastic and seasonal variation
of their host plants; and the variation in difterent Preris napi phenotypic, phenological,
behavioural, and physiological traits that are responsive to temperature (Fig. 1.5). The
extensive empirical descriptions conducted in the first three chapters of this thesis were
then used to parametrise process-based predictive models of the physiological and demo-
graphic responses of P. napi populations to increasing drought and heat impacts (Chap-
ters 4 and s).

After decades of research on climate change impacts on insects, it is evident that in-
sect responses to climate change are heterogeneous and nuanced by multiple, interrelated
processes occurring at fine scales (Bennett et al., 2015; Buckley et al., 2023a; Kingsolver
and Buckley, 2017; Kingsolver et al., 2011; Nice et al., 2019; Parmesan and Singer, 2022;
Pincebourde et al., 2016; Suggitt et al., 2018; Woods et al., 2015). In this same line, I found
that climate impacts diftered among the populations monitored in this thesis, produc-
ing a geographic mosaic of climate stress and . nap: vulnerability across the Catalan
region. Summer rainfall was the most important driver of population abundance iden-
tified in Chapter 2. Therefore, part of the reported geographic heterogeneity of P. napi
vulnerability to climate change likely owes to the differences in the local climate and their
different trends of change with global warming. For instance, the local climate at the low-
land sites, where P. napi shows the steepest declines, is much drier than in montane sites
(Figs. 1.4 and 2.1). Yet, these two type of populations are also differently coupled to cli-
mate variation (Tables A7 and A8), meaning that the variability in their responses to the
climate not only stems from their different positions along the climate altitudinal gradi-
ent, but also from the variability in the underlying weave of processes linking the climatic
drivers with the biological responses.
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In the following lines, I discuss the main findings of this thesis in the context of cur-
rent literature knowledge. I first elaborate on the underlying processes shaping the het-
erogeneous mosaic of £, nap: vulnerability to climate change based on the findings from
the empirical studies (Chapters 2 to 4). I group the processes into two categories: the mi-
croclimatic and ecophysiological processes mediating direct climate impacts on P. napi
(discussed in Section 6.1.2), and the indirect climate impacts on 2. zap: mediated by their
host plants (discussed in Section 6.1.3). Then, I discuss the relative contribution of these
two processes in driving P. zapi declines based on the outcomes of the process-based mod-
els Iemployed (Section 6.1.4). I end the first section of the discussion briefly commenting
on other plausible processes putatively mediating P. nap: responses to climate that were
not assessed in this thesis (Section 6.1.5). In the following section, I discuss the gener-
alizability of the findings of this thesis and how process-based models contribute to the
understanding and prediction of ecological responses to global change (Section 6.2). 1
finally close this thesis by discussing future potential improvements in the process-based
approaches employed and stating the main conclusions that can be extracted from all this
work (Section 6.3 and Chapter 7).

6.1.2 Microclimatic exposure and ecophysiological sensitivity of
Pieris napi populations to climate change

Microclimate ecology, the science that studies how fine-grained deviations in the cli-
mate relative to background atmospheric conditions affect living organisms, has gained
renewed global attention in the past years (Bramer et al., 2018; Geiger, 1950; Kemppinen
et al., 2023; Pincebourde et al., 2016; Potter et al., 2013; Stoutjesdijk and Barkman, 2014;
Woods et al., 2015). Microclimate crucially connects macroclimate and ecophysiology,
and its study has consequently consolidated as “an inseparable part of ecology and bio-
geography” (Kemppinen et al., 2023). Recent improvements in data acquisition and pro-
cessing have enabled the measurement of the microclimate in virtually all biomes of the
world to address a wide range of ecological questions at the relevant spatiotemporal scales
(Carnicer et al. 20215 Gril et al. 2023; Jucker et al. 2020; Kaspari et al. 2015; Kearney 2019;
Lembrechts et al. 2021a,b; Ma et al. 2023; Maclean et al. 2021; Man et al. 2023; Pince-
bourde and Suppo 2016; Porter et al. 1973; Senior et al. 2019; von Oppen et al. 2022; Wild
et al. 2019; Zellweger et al. 2019). This thesis is grounded in the resurgent advances in mi-
croclimate ecology in insects, whose small size links them more tightly to the conditions
measured on the surfaces and inside the tissues of their hosts than to the atmospheric
measurements obtained from standardised weather stations (Pincebourde and Woods,
2020; Pincebourde et al., 20215 Potter et al., 2013).

In Chapters 2 to 4 of this thesis, I characterised the microclimatic exposure of P. nap:
populations at the microhabitat and host-plant levels. The lowland locations not only
had a drier climate, but also presented a less forested landscape, with sparser and less de-
veloped vegetation than in montane areas. The lowland, declining populations of . napi
thus had a much limited access to the microclimatic thermal buffering typically provided
by canopy cover (Figs. 2.3 and 4.2). There is extensive literature documenting how forest
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canopies are buffering climate change impacts by cooling and reducing thermal variation
in the understory (Carnicer et al., 2021; De Frenne et al., 2013, 2019, 20215 Lenoir et al.,
2017; Suggitt et al., 2018; Zellweger et al., 2020). Here, besides the thermal buftering ca-
pacity of canopy cover, I also described five more microclimatic processes determining
insect thermal exposure at a finer, host plant scale (Fig. 4.3). These processes included
soil cooling and soil thermal amplification effects, mainly influencing basal leaves of the
host plants, but also the thermal homogenisation of host-plant microclimatic temper-
atures under canopies, and the complex interactions between soil water content, host-
plant evapotranspiration, and foliar temperatures. Plant evapotranspiration cooled leaf
undersides when soil humidity and air temperature remained in a permissive range (i..
underside cooling effect). But, when extreme temperatures and drought induced stom-
atal closure and halted evapotranspiration, leaf temperatures sharply increased, a process
we named foliar thermal amplification (Figs. 2.5 and 4.3f).

To understand the consequences that these interpopulation differences in microcli-
matic exposure would have on 2. napi physiology, I experimentally estimated its larval
sensitivity to heat stress. Results from Chapter 2 suggested that, despite having access to
less buffered microclimates, larval survival in the lowland declining populations should
not be necessarily compromised, as their estimated thermal limits were rarely exceeded
in host-plant microhabitats (Fig. 2.3). Yet, this chapter also documented that thermal
tolerance limits were significantly surpassed during reduced plant evapotranspiration, as-
sociating drought impacts in the declining populations of P. nap: with these foliar am-
plification effects, among other processes (Fig. 2.5). In Chapter 4, I found that P. nap:
females mainly select partly-sheltered microhabitats, where the higher soil humidity and
canopy shading usually maintain foliar temperatures below 35 °C (Fig. 4.2). Combined
with the thermal avoidance behaviours described for P. naps larvae (Fig. 4.2), it is there-
fore unlikely that foliar amplification processes have an important contribution to the
drought-induced declines of P. napi in the lowland populations, at least in the current
climatic conditions. Impacts of extreme foliar temperatures due to thermal amplifica-
tion processes would be rather expected for its congener, P. rapae, which selects open
microhabitats to oviposit, as found in Chapter 4. Yet, the species presents a stable trend
in almost all the population of the Catalan region’, probably because their thermal and
seasonal strategies are better adapted to cope with extreme heat stress (Fig. 4.5 and see von
Schmalensee et al., 2023).

Independently of the higher or lower survival costs of microclimatic stress for P. napi
larvae (which are further discussed in Section 6.1.4), the differences in the thermal ex-
posure between populations clearly had marked effects in other butterfly phenotypic,
physiological, and phenological traits. For example, butterflies from summer generations
of lowland populations had lower wing sizes and body mass as a result of a higher ther-
mal exposure (Fig. 2.2). The relation between environmental temperatures and wing size
was found at a macroclimatic scale but is likely the result of the microclimatic experience
during larval development, which would explain why wing size of the thermally-buftered

'Population trends of Pieris rapae in the Catalan region can be consulted in
www.catalanbms.org/en/especies/piepra/
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mid-elevation populations is uncoupled from macroclimatic temperatures. Summer in-
dividuals from the lowland populations also presented less melanic wings (results in-
cluded in Pefiuelas etal., 2017) and inferior development times, as predicted with a process-
based thermal performance modelin the appendix of Chapter 4 (Fig. B16; von Schmalensee
et al,, 2021a). Furthermore, the differences observed in the local phenology between the
populations (Fig. s.2) likely stem from the variation in their respective microclimates.
Such a phenological effect was not explicitly tested in this thesis, but has been reported
in other P. napi populations (Greiser et al., 2022; von Schmalensee et al., 2021a). Overall,
these different traits that are responsive to the experienced microclimatic can have com-
plex implications for butterfly vital rates across its life cycle and influence their micro-
climatic exposure itself (Kingsolver and Huey, 2008). For instance, faster development
rates could reduce P. nap:’s larval mortality by decreasing their time of exposure to para-
sitoids and predators (Ohsaki and Sato, 1999), but also result in smaller adult butterflies
with lower fecundities than those individuals developed at cooler temperatures (Degut
et al., 2022; Kingsolver and Huey, 2008). Butterfly wing size, wing melanism, and be-
havioural thermoregulation also affect the heat balance of the adults, determining their
flight activity time and realised fecundity (Bladon et al., 2020; Buckley and Kingsolver,
2012; Kingsolver, 1983, 1988; Kingsolver and Buckley, 2015, 2017).

The changes observed in wing and body size as a result of varying temperatures were
also tested experimentally, confirming that phenotypic plasticity had a higher contribu-
tion than heritability to size variation (Table 2.1 and Fig. 2.2). These results were in line
with the classical rule in physiology between body size and temperature (Forster et al.,
2012; Kingsolver and Huey, 2008), and supported the use of size as a phenotypic biomarker
of the different microclimatic regimes populations are exposed to. For instance, the sta-
ble size found for butterflies in the mid-elevation, non-declining populations across the
seasons successfully indicated the strong buffering of the microclimate experienced by
these populations. Therefore, while microclimatic-induced variation in wing size might
not be the underlying process driving the declines reported in some P. napi populations,
it effectively distinguishes the populations receiving the highest climatic impacts and is
thus a useful biomarker of P. napi vulnerability to climate stress.

6.1.3 The role of host plants in mediating climate impacts on
Pieris napi populations

Climate effects on P. napi local host plants were the other group of ecological pro-
cesses mediating . napi responses to increasingly dry and hot conditions evaluated in
this thesis. Herbivorous insects establish intimate and complex interactions with their
host plants, yet indirect impacts of global warming on insects mediated by their interac-
tion counterparts are possibly less studied than direct impacts (Abarca and Spahn, 2021;
Boggs, 2016; Boggs and Inouye, 2012). One of the most documented impacts of global
warming on plant—insect interactions are the varying climatic effects on the phenolo-
gies of the two partners and the emergence of phenological asynchronies (Donoso et al.,
2016; Memmott et al., 2007; Parmesan, 2007; Thackeray et al., 2010). The effects of these
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phenological mismatches induced by climate change are well understood for plants, but
less is known on the insect counterpart (Abarca and Spahn, 2021; Bewick et al., 2015).
Global warming effects on plant phenology, but also on plant physiology, growth, and
stoichiometry, impact the availability and quality of insects’ food resources, with relevant
effects on insect performance. Food availability is an important determinant of butter-
fly abundance (Curtis et al., 2015), and climate effects on limiting resources can strongly
shape population dynamics (Bewick et al., 2015; Gamelon et al., 2017; Lima et al., 2006;
Stenseth etal., 2004). Yet, negative impacts of climate change on butterflies through lim-
iting host-plant availability have been documented for just a few species (Boggs and In-
ouye, 2012; Ehrlich et al., 1980; Johansson et al., 2020; McLaughlin et al., 2002; Singer
and Parmesan, 2010; van Bergen et al., 2020).

In this thesis, I monitored in different P. napi populations a diverse set of physiolog-
ical, phenological, stoichiometric, and growth traits determining the quality and avail-
ability of their host plants across the seasons (Chapters 2 to 4). I found key differences in
the host plant species used by the different 2. zap: populations that could importantly
shape P. napi vulnerability to climate change across the Catalan region.

In addition to being exposed to more intense summer droughts and having less ef-
fective microclimatic buftering, declining populations in the lowlands also relied on less
stable food resources. Lepidium draba and Brassica nigra, the two main host plants in the
lowlands, complete their life cycles between May and June. Associated with the ending
of their life cycle, these two host plants show a progressive increase in their foliar C/N sto-
ichiometric content and decline of their foliar water and chlorophyll contents (Figs. 2.4,
3.4, and 4.4). After a period of complete plant scarcity, new resprouts of L. draba usu-
ally emerge in mid or late summer (Fig. 6.1). In Chapter 3, I experimentally determined
the plastic growth responses of L. draba resprouts to soil water content, which explained
why these resprouts remain small and do not grow until autumn rains revert soil summer
drought (Fig. 3.7). In the case of B. nigra, subsequent plantlings do not emerge until the
following growing season in spring. Therefore, the late spring and summer generations
of P. napi lowland populations are exposed to a period of low-quality host plants (during
plant senescence) followed by a period of host-plant scarcity (during plant absence).

Significantly, the extension of this resource-limiting period is subject to the influence
of the local climate. Warm and arid conditions during the late spring are likely to ac-
celerate the phenological senescence of the host plants (as depicted in Fig. 6.2), whereas
droughts occurring in late summer can postpone the growth of L. draba resprouts (as dis-
cussed in Chapter 3). In contrast, 2. nap: populations situated at mid elevations, which
do not exhibit decline, maintain consistent year-round access to fresh leaves of Al/iaria
petiolata —their primary host plant in these specific locations— with steady levels of fo-
liar C/N, water, and chlorophyll contents (Figs. 2.4 and 4.4).

In Chapter s, I also quantified in growth chamber experiments of P. napi the effects
of plant scarcity in offspring development. Larvae with limited access to fresh host plants
had a 17% lower daily survival rate than larvae in control conditions. Additionally, host-
plant scarcity during the last stages of larval development also advanced the pupation of
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thelarvae (Fig. 5.2). Pupation advancements due to limiting food resources have been also
observed in field experiments for this species (von Schmalensee et al., 2021a) and other in-
sects (McLaughlin et al., 2002; Parmesan and Singer, 2022; Shafiei et al., 2001). Further-
more, adults emerging from larvae exposed to limited food resources had smaller wings
than larvae fed ad libitum (Fig. 6.3). Therefore, reduced wing sizes observed in the sum-
mer generations of the lowland, declining populations of P. nap: could also be capturing
the effects that drought-induced plant scarcity has on this trait, reinforcing its use as a
phenotypic biomarker of climatic impacts (Chapter 2). Several studies have assessed the
effects of climatic-induced changes in host-plant quality on P, napi larval and adult per-
formance in the laboratory (Bauerfeind and Fischer, 2013a,b; Kuczyk et al., 2021). Yet,
to my knowledge, this is the first study that finds —combining field, experimental, and
modelling approaches— climatic impacts on P. nap: populations through the effects of
both low resource quality resulting from host-plant senescence and low resource avail-

ability.
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Figure 6.1: Vegetative dynamics of L. draba summer resprouts in the lowland, declining population. (a)
Daily rainfall recorded from a nearby weather station in 2017. (b-¢) Soil humidity, plant height, number
of leaves, and foliar lengths of L. draba summer resprouts during the monitoring campaign conducted in
2017 (see methods from Chapter 3 for further details).
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Figure 6.2: Drought effects on host-plant vegetative dynamics. (a) Relation between the spring day show-
ing maximum values of the normalised difference vegetation index (NDVI) calculated in a 10-m pixel cov-
ering an area with abundant L. draba in the lowland site using optical satellite images (Sentinel-2) and the
SPEI drought index during April calculated for that area following Beguerfa and Vicente-Serrano (2017).
Note that drier springs (more negative SPEI values) are associated with earlier peaks of NDVT, after which
host plants start to senesce. (b) Relation between the length of the period with low values of NDVI (NDVI
< 0.6)and the SPEI values between April and September. Moister springs and summers are associated with
shorter periods of low vegetation density. (c) The calculated NDVT in the 10-m pixel during 2017 is posi-
tively associated with the foliar chlorophyll contents recorded for L. draba spring plants in this area. The
positive relation indicates that higher values of NDVT are representative of the period where foliar chloro-
phyll content reaches their maximum during L. draba maturation, and that lower NDVI values capture
the subsequent process of host-plant senescence until NDVi reaches values around 0.6. (d) NDVT is also
positively associated with the height of the summer resprouts emerging in mid July, especially for height
measurements conducted after NDVT reaches its lowest value at the end of August (dashed line).
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Figure 6.3: Experimental effects of host-plant scarcity during larval growth on P. napi wing size. (a) Lar-
vae exposed to plant scarcity in growth chamber experiments (see Appendix C.2.2) produced adults with
smaller wings. (b) The pupation advancement of individuals with limited access to food resources was
positively associated with educed wing sizes.

6.1.4 The relative contribution of direct impacts of extreme
temperatures and plant-mediated impacts of drought on
Pieris napi declines

The empirical study of the direct and indirect processes mediating climate impacts on
P. napi populations indicated that summer thermal microclimatic exposure would not
be necessarily harming provided the access to fresh host plants is guaranteed (Chapter 2
and discussion above). Therefore, observational studies conferred to host plants a key
role in the drought-driven declines observed in some P. napi populations (Chapters 2
and 3). To test this hypothesis and predict the relative contribution of these two processes
in the responses of P. napi populations to climate change, I applied two process-based
models parameterised with the data gathered in the field and experimental observations
(Chapters 4 and s).

Firstly, in Chapter 4, I predicted the larval mortality caused by extreme thermal ex-
posure in the fluctuating microclimatic temperatures recorded in the field. The dynamic
model I employed used the thermal death time curves (TDT curves) experimentally ob-
tained from P. napi to calculate the accumulated larval heat injury throughout the day
and the associated daily survival probability. In the microhabitats where 2. naps offspring
develop, daily survival probabilities to the recorded microclimatic exposure were gener-
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ally high (survival > 0.99 in 96% of the simulations with the summer microclimatic tem-
peratures recorded in the lowland site and 99% of the mid-elevation site simulations).
These values supposed that the mean cumulative thermal mortality during larval devel-
opment oscillated between o.01-0.17 in the lowland site and 0.0003-0.06 in the mid-
elevation site in summer (Fig. 4.5; 95% prediction intervals of the mean cumulative ther-
mal mortality per simulation). Thus, the predicted thermal mortality was higher in the
lowland declining site than in the mid-elevation non-declining site, but still, it was rea-
sonably low.

In Chapter s, I integrated in a matrix population model (MPM) the direct impacts
of extreme microclimatic temperatures on larval survival (TDT predictions) and the in-
direct impacts of drought through host-plant scarcity on larval development (growth
chamber experiments). I then used the MPM to calculate the effects that these two types
of climatic impacts have on P. nap: population growth rates and infer which of these two
processes were more likely driving the declines observed in some populations. The simu-
lations that included the indirect impacts of drought mediated by host-plant scarcity had
more negative effects on the population growth rates of summer generations than the
direct impacts of current regimes of extreme microclimatic temperatures (Fig. 5.6). Fur-
thermore, the declining growth rates observed in the lowland populations could only be
replicated when drought-induced plant-scarcity effects were simulated (Fig. 5.5). In line
with empirical observations, these results provide mechanistic support to the key role that
the host plants play in the drought-driven declines in the studied P. nap: populations,
adding new evidences for this underreported impact of climate change in butterfly pop-
ulations (Boggs and Inouye, 2012; Ehrlich et al., 1980; Johansson et al., 2020; McLaughlin
et al., 2002; Singer and Parmesan, 2010; van Bergen et al., 2020).

The key importance of host plants in mediating climate impacts on P. napi popu-
lations does not mean that thermal mortality has no relevant effect on population per-
formance. In fact, in the MPMs, the most severe impacts on population growth rates
were predicted for the simulations including compound hot-dry events, which triggered
both direct thermal impacts of extreme heat and indirect plant-mediated drought im-
pacts on P. nap vital rates (Figs. 5.5 and 5.6). Furthermore, the relatively low importance
of thermal mortality on P. napi population dynamics is only due to the microclimatic
buffering provided by the sheltered microhabitats selected by the species (Fig. 4.5). If
the buffering capacity of the vegetation in these partly-covered microhabitats was limited
due to reduced soil moisture or drought-induced canopy-cover dieback —a plausible sce-
nario with increasing global warming (Davis et al., 2019; De Frenne et al., 2021; IPCC,
2021)—, thermal mortality resulting from extreme heat exposure would likely be as or
more important than drought-induced plant scarcity. For instance, the predicted daily
thermal mortality for P. zapi in the open microhabitats increased by a mean factor of 72
the daily mortalities predicted in their partially-sheltered microhabitats (mean factor of
increase = 16 in the declining populations, and 141 for the currently non-declining popu-
lation, Fig. 4.5). Moreover, MPM simulations projected in macroclimatic warming con-
ditions (i.e. without accounting for the microclimatic buffering of thermal extremes in 2.
napi microhabitats) predicted more severe declines in 2. zap: populations as the climate
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warms than forecasts at a microclimatic scale, especially for the currently non-declining
and more effectively sheltered population (Fig. Cio).

Besides the putative reduction of the microclimatic buffering capacity of vegetation
cover in the coming decades, ongoing global warming is projected to trigger a nonlinear
increase in the frequency of hot and dry extreme events (IPCC, 2021; Seneviratne et al.,
2021). Specifically, the frequency of rarer but more extreme thermal events will increase
relatively more than moderate extreme temperatures (IPCC, 2021; Seneviratne et al., 2021;
Simolo and Corti, 2022; Vogel et al., 2020). In Chapter s, I predicted the damaging effects
that the projected disproportionate increase of these low-likelihood high-impacts (LLHI)
events in novel climates will have on 2. naps populations. The results indicated that,
despite not having a key role in the current P. napi declines, extreme heat events will
emerge as a new important global-change stressor if greenhouse gas emissions are not
halted fast enough, equaling the effects of drought-induced host-plant scarcity (Fig. 5.6).

Altogether, these results reinforce the usefulness of developing process-based models
at a relevant microclimatic scale to better understand and predict insect responses to cli-
mate change (Buckley et al., 2023a; Ma et al., 2021; Urban, 2019; Urban et al., 2016; Yang
et al,, 2021). The initial chapters of this thesis used observational and experimental ap-
proaches to identify the processes that possibly drive population declines in the selected
populations of Pieris napi. Subsequently, the process-based models employed in this the-
sis enabled the prediction of P. napi population dynamics in novel regimes of extreme
events (Chapters 4 and s5). Methodological approaches failing to capture the underly-
ing processes linking the climatic driver with the response can be hardly used to predict
responses to climatic conditions outside the range of observed climate, a very relevant
limitation when predicting responses to extreme climatic conditions and emerging novel
climates (Buckley et al., 2023a; van de Pol et al., 2017). Moreover, some of the predicted
effects of climate change on P. napi populations stemmed from nonlinear processes, such
as the rapid acceleration of the heat failure rates at increasingly stressful temperatures (Jor-
gensen et al., 2022b) or the complex interactions between water availability and microcli-
matic feedbacks (Carnicer et al., 2021; Davis et al., 2019; Pincebourde and Woods, 2012;
von Arx et al., 2013), which are rarely captured by the linear statistical approaches usu-
ally employed (Buckley et al., 2023a; Maino et al., 2016; Urban et al., 2016). In addition,
with the process-based models employed in this thesis I could also simulate and compare
the relative effects of the different putative processes mediating climate change impacts
on P. napi. Specifically, I could identify the process more importantly driving current
P. napi declines but also anticipate the future risks associated with the intensification of
currently milder impacts.

6.1.5 Other processes mediating climate impacts on P. napi
populations

Together with the numerous climatic and ecological processes quantified in this the-
sis, other processes that could not be covered might also shape P. nap: responses to cli-
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mate change. For instance, the observed population growth rates in the summer gener-
ations of the declining population were more negative than predicted with the MPM in
the current climatic conditions (Fig. s.5), which might suggest that additional impacts
could be missing from the model. Some of the potentially missing processes were already
commented in the respective discussions of each chapter, such as the impacts that heat
and drought events can also have in the egg, pupal, and adults stages (Chapter s); or the
complex feedbacks between drought, plant physiological status, microclimatic exposure,
larval growth, and thermal tolerance (all chapters). Yet, here I provide a brief discussion
of other processes that could be further studied in the future.

Chapter 3 and personal communications with Constanti Stefanescu —the responsi-
ble of the CBMS monitoring during the last 30 years in the lowland location I most stud-
ied in this thesis— speculated on the possibility that 2. zapi pupae from the declining,
lowland population aestivate during the harsher summer conditions. This hypothetical
mechanism would enable the summer generations of P. napi to avoid the detrimental im-
pacts of the recurrent host-plant scarcity reported in this population. Moreover, it could
explain the sharp reduction in butterfly numbers annually observed after the peak of the
July (third) generation and why predicted growth rates with the MPMs in this period
are generally higher than the estimated rates from observed adults (Fig. s.5). Previous
attempts to experimentally induce summer diapause in P. nap7 individuals of this pop-
ulation have failed (Christopher Wheat and C. Stefanescu, personal communications).
Yet, future modelling efforts explicitly including a dormant stage in the summer MPMs
(Ellner and Guckenheimer, 2006; Flockhart et al., 2015; Paniw et al., 2017, 2020; Radchuk
et al., 2013; Rees et al., 2006) could provide new promising insights into this issue.

Pupal aestivation has been detected in other Preris species, such as P. melete (a sis-
ter species of P. napi in Asia, with very similar ecological requirements and previously
included in the P. napi-complex; Ge et al., 2023) and in some Iberian populations of .
brassicae (Held and Spieth, 1999; Spieth, 2002; Spieth and Schwarzer, 2001; Spieth et al.,
2011; Xiao et al., 2006; Xue et al,, 1997). The summer diapause confers to these species
a third developmental strategy that is triggered and controlled independently of its win-
ter counterpart (Held and Spieth, 1999; Xue et al., 1997). In both cases, despite being
widespread species, the faculty of undergoing a summer dormancy period is only present
in a fraction of their populations. This plastic behaviour has been associated, in the case
of P. melete, with the synchronisation of the butterfly generations with the annual cy-
cle of its host plants and the avoidance of summer thermal extremes (Xiao et al., 2006;
Xueetal.,1997). For P. brassicae, populations undergoing summer diapause are restricted
south of the Pyrenees, where this facultative response enables the species to synchronise
generations in areas producing a high number of generations per year (6—9) while desyn-
chronizing their population dynamics from the life cycle of its specific parasitoid (Spieth
and Schwarzer, 2001; Spieth et al., 2011). Notably, the reduced geographic scope of this
local adaptation in P. brassicae does not result from an insufficient gene flow or low heri-
tability of the trait, but rather from the maladaptive effects that summer diapause would
have in populations with a slightly shorter growing season where aestivation costs would
likely exceed its potential benefits (Spieth et al., 2011).
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In the case of P. napi, preliminary genetic and genomic analyses with the studied
populations suggest extensive gene flow and frequent gene dispersal following riverine
networks (COI, Illumina, and Radseq analyses, Roger Vila, Jofre Carnicer, Javier Sala-
Garcia, C. Wheat, unpublished data). Therefore, as in the case of P. brassicae, the po-
tential presence of this summer facultative behaviour in just a few lowland populations
could be the result of a strong local selective pressure and the possibly maladaptive effects
of upriver gene flow. Indeed, growth chamber experiments found evidence for local adap-
tations to low temperatures and winter diapause on Pyrenees and mid-elevation Catalan
populations of P. napi despite the extensive gene flow (J. Carnicer, unpublished data).

The example of P. brassicae points to another summer stressor that could affect 2.
napi populations but that has not been explicitly monitored in this thesis: the seasonal
dynamics in the predatory and parasitoid pressures on the species (Spieth et al., 2011; Ste-
fanescu et al., 2022). Natural enemies could have played an important role in shaping P
napi adaptations (such as their host-plant use; Ohsaki and Sato, 1994, 1999; Yamamoto,
1981) and regulate their population dynamics (Courtney, 1986). For instance, two specific
parasitoids of P. napi young larvae — Cotesia rubecula (Braconidae: Microgastrinae) and
Hyposoter ebeninus (Ichneumonidae: Campopleginae)— have been found in the most
studied lowland population of this thesis, although other tachinid flies and ichneumonid
wasps are also likely present there and in other Catalan populations (C. Stefanescu, per-
sonal observations). In addition, eggs from the lowland populations are known to be
regularly parasitised by a Thrichogramma wasp (Liana Greenberg andC. Stefanescu, on-
going research).

Despite not being specifically studied in this thesis, the MPMs developed in Chap-
ter 5 included a daily rate of parasitism and predation based on field estimates from other
P. napi populations (Fig. C3). The additional set of simulations with varying parasitism
rates still conferred a key role to drought-induced plant scarcity and extreme heat in driv-
ing declining populations rates, yet it also indicated that increasing parasite rates would
make the situation worse (Fig. Cir). Whether herbivore populations are more impor-
tantly regulated by bottom-up or top-down processes is a long-standing classical debate in
ecology (Cornell et al,, 1998; Hairston et al., 1960; Keeler et al., 2006; Kempel et al., 2023;
Murdoch, 1966). Both processes are likely to be relevant in our study case, and further
assessments of their relative contributions and potential feedback between demography
and species interactions could be made by modelling tritrophic (or community-wide) in-
teractions in structured populations models like MPMs (Hoover and Newman, 2004;
Paniw et al., 2023).

Finally, other drivers of global change could interact with the climate-driven processes
covered in this thesis. For example, the effects of changing land uses, urbanisation, and
land abandonment on 2. napi microhabitats and the associated microclimatic and host-
plant conditions (Dennis, 2010; Merckx et al., 2021; Mingarro et al., 2021; Nieto-Sinchez
et al., 2015; Stefanescu et al., 2011a,b; Ubach et al., 2019); the effects of soil nitrification
on host-plant quality and the surrounding microclimate (Klop et al., 20155 Merckx et al.,
20153 WallisDeVries and van Swaay, 2017); or the direct impacts of insecticide and her-
bicide use on P. nap:s and other interacting species (Azpiazu et al., 2019; Fontaine et al.,
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2016; Forister et al., 2016).

6.2 Process-based models are useful, but are they
usable?

6.2.1 ‘Towards an integrative and predictive global ecology

Developing process-based forecasting tools with a sound mathematical and biological
basis is of critical importance for having a more accurate predictive capacity of insect —
and biodiversity— responses to global change (Briscoe et al., 2023; Buckley et al., 2023a;
Maino et al., 2016; Urban et al., 2016). Poor progresses have still been made to halt cli-
mate change and the other anthropogenic drivers of biodiversity loss (Dfaz et al., 2019;
Jaureguiberry et al., 2022). This worrying situation reinforces the urgent need to con-
solidate a robust ecological forecasting science that can predict the potential benefits for
human and nature well-being of changing our societies. Recent improvements in this
line set the basis towards the maturation of an integrative and predictive ecological sci-
ence, which will require, as climate science did in the past decades, global coordinated
efforts to establish a common scientific agenda and shared infrastructures (Urban, 2019;
Urban et al., 2016, 2022). However, process-based models are data hungry. Their param-
eterisation requires high-quality, fine-grained, and multisource data on the system, and
their use, quantitative and computational skills (Briscoe et al., 2023; Urban, 2019; Urban
et al., 2016, 2022). This central limitation brings the following question: despite the use-
tulness and the critical importance of crafting more sophisticated process-based models,
how usable are they?

In this thesis, I used two different process-based models to predict 2. zapi population
responses to climate change. I selected P. napi as a study species for several reasons. First,
it is an insect, whose small size, ectothermic physiology, and short life cycles makes them
very responsive to changing environmental conditions and thus an ideal model organism
to study biological responses to climate change (Hill et al., 2021). Second, P. naps itself
is a model species among insects and butterflies, with much information regarding nu-
merous aspects of their biology (Table 1.1 and Section 1.3; Bauerfeind and Fischer, 2013a;
Degut et al., 2022; Glinter et al., 2020a; Hill et al., 2019; Lehmann et al., 2018; Ohsaki
and Sato, 1999; Pefiuelas et al., 2017; von Schmalensee et al., 2023; Wiklund et al., 1993,
among others). Third, P. napi is a very common and widespread butterfly in the Catalan
region, where I contributed to consolidate a well-established monitoring system in difter-
ent populations of the species (Pefiuelas et al., 2017). All these aspects favoured my access
to a considerable amount of high-quality data for a well-known species, at relevant local
scales, and for along period relative to its life cycle. Specifically, this thesis benefitted from
two 25-year abundance series at a weekly resolution —representing around 5,000 working
hours each (C. Stefanescu, personal communications)—; 180,000 hourly microclimatic
records; 1,000 h in sampling campaigns in the field; and more than 325 h of experimenta-
tion. All these tasks represent more than 190,000 h —excluding the sensor records, more
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than 10,000 h (i.e. more than one year)— added to the time spent in the collection, pro-
cessing, and publication of the data I gathered from bibliography (Chapter 5). Therefore,
given the time and the multiple types of data I needed for this particular study case, is it
reasonable to pursue a global assessment of biodiversity responses to climate change with
a process-based approach?

Itis quite evident that it will not be feasible to obtain the same amount of high-quality
data gathered in this thesis and parametrise process-based models for a substantial frac-
tion of global populations, especially with the celerity we should. Yet, this constraint does
not invalidate the need and the feasibility of developing a better predictive ecological sci-
ence based on first principles. The usability of process-based models to predict ecological
responses to global stressors will indeed depend on the generality of the outcomes from
these more carefully modelled systems (Urban et al., 2016, 2022). In Section 6.1.3 of this
discussion, I already emphasised the success and the usefulness of the process-based mod-
els employed in this thesis. These models relied on local, fine-grained climatic and bio-
logical data —one of the keystones for developing relevant and realistic predictive models
(Briscoe et al., 2023; Buckley et al., 2023a)—, yet their strength may have simultaneously
compromised the generalisability of their outcomes. In other words, recognizing the ex-
treme vastness and richness of the tapestry of life, to what extent the deep understanding
of a few sparse, small knots will help to anticipate its unravelling? In the following lines, I
discuss the extendibility of the findings of this thesis to other P. napi populations, insect
species, and living organisms, and some practical ways forward that have been proposed
to overcome these model limitations and consolidate a robust predictive global ecology.

6.2.2 The generality of P. napi predicted responses to climate
change

The outcomes of any process-based model depend on the parameters of the model (in
this case defined by insects’ sensitivity to changing conditions) and the conditions of sim-
ulation (defined by insects’ exposure). Therefore, although insects’ climatic exposure and
sensitivity largely vary across many scales and dimensions, the findings of this thesis will
apply to those populations and species whose model parameters and conditions are sim-
ilar enough to prevent any significant difference in the outcome of the predictions. For
instance, the predictions of thermal mortality and population growth obtained from the
lowland, declining population of P. napi (Chapters 4 and 5) likely apply to other Catalan
and Mediterranean populations of the species with limited access to microclimatic bufter-
ing and relying on summer-fading host plants. Similarly, results from the mid-elevation,
non-declining populations are likely extensible to other P. nap: populations with wet-
ter, temperate climates and agroforestrial landscapes that offer milder microclimates and
year-round fresh host plants.

Expanding the geographic scope, many studies in other 2. nap: populations have
found close resemblances with the key characteristics shaping the butterfly responses to
climate change I studied in this thesis. For instance, . nap: populations from Southern

129




6. GENERAL DISCUSSION

Sweden also select partly-shaded microhabitats to oviposit, exposing their offspring to
colder and less variable microclimates than Preris rapae (Fig. 4.2; Friberg and Wiklund,
2019; von Schmalensee et al., 2023). Moreover, these comparative studies also found that
P. napi had a higher thermal sensitivity and a lower survival at high temperatures than its
congener (Fig. 4.5; von Schmalensee et al., 2023). In Japan, these two species also show
similar differences (Ohsaki, 1979, 1982). Therefore, although there might be important
differences between P. napi populations worldwide (e.g. in their phenologies, host plants,
and local climates and adaptations), the similitudes in the key traits shaping their climatic
exposure and sensitivity suggest that the process-based models developed in this thesis
could be easily reconfigured for other populations.

Following the same argumentative line, the results of this thesis shall not be exten-
sive to species ecologically or phylogenetically divergent. Yet, species with similar eco-
logical traits and requirements, microclimatic exposures, life histories and phenological
cycles, and biotic interactions could benefit from the work developed in this thesis. For
example, to identify which butterfly species could have similar microclimatic exposures
to those quantified in this thesis, we could compare the butterfly affiliations to more
open or closed microhabitats with the recently-proposed TAO index (Ubach et al., 2019).
The CBMS provides a TAO index for 160 butterflies based on their recorded abundances
across the Catalan territory and groups them in 10 different categories. Taking into ac-
count the number of butterflies in the same category, 9% of the species have the same
TAO afhiliation as P. napi, and 16%, the same as Pieris rapae. Therefore, the microcli-
matic buftering and amplification processes reported in this thesis could putatively apply
to at least 25% of the Catalan butterflies2.

The effects on heat-induced mortality resulting from similar microclimatic exposures
would however depend on butterflies’ thermal sensitivity (i.e. the TDT curve of the
species). A comparative analysis with insect TDT data gathered by Jergensen etal. (2022a,b)
indicates that the parameters of P. nap:i’s TDT curve estimated in this thesis falls inside
the interquartile range of observed parameters for other species, and is thus more rep-
resentative of insect’s thermal tolerance than P. rapae, whose estimated parameters are
more outlying (Figs. 4.5 and 6.4). Furthermore, butterflies having similar microclimatic
exposures, thermal sensitivities, and life histories to P. naps are likely to show analogous
relative changes in population growth rates as global warming increases the frequency of
extreme LLHI heat events (Chapter s), especially in those regions where LLHI events
are expected to increase relatively more (e.g. in the Tropics and the Mediterranean area;
IPCC, 2021; Simolo and Corti, 2022).

*The TAO index for the different butterflies found in Catalonia can be checked in
www.catalanbms.org/en/especies/
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Figure 6.4: Comparison of the parameters of the thermal death time curves (TDT curves) for Pieris nap:
(blue), P. rapae (yellow), and 12 other insect species (grey; data gathered from Jorgensen et al., 2022a,b).
(a) Thermal sensitivity parameter (), (b) Maximum critical temperature (C'1},45). The boxplots at the
left part of the panels summarise the distribution of the 12 insect dots. Boxes represent the interquartile
range (IQR = Q3 - Q1). The lower whisker represents the smallest value > Q1 — 1.5x IQR; and the upper
whisker, the biggest value < @3 + 1.5x IQR.

6.2.3 Overcoming the challenges of consolidating a predictive

global ecology

These examples illustrate the key utility that comparative macroecological studies will
have for filling the gaps of the missing parameters of process-based models for understud-
ied species (Urban et al., 2016). The appropriate data to parametrise realistic predictive
models is still lacking for the vast majority of species, hindering the consolidation of a pre-
dictive ecological science based on first principles and operable for all species and ecosys-
tems (Urban et al., 2016). Yet, in the process of leveraging this missing information, data
from key traits of less studied species can also be estimated from correlative studies assess-
ing trait variation with phylogenetic distance and the covariation of multiple sets of traits
along main axes (i.e. multivariate trait continua; Bielby et al., 2007; Carnicer et al., 2012,
2013b; Dapporto and Dennis, 2013; Dfaz et al., 2016; Jeschke and Kokko, 2009; Wright
et al., 2004). For instance, a first step towards the consolidation of a predictive butterfly
ecology could start by developing a limited number of process-based models for a reduced
set of species representative of basic functional and phylogenetic groups (Carnicer et al.,
2013b; Melero et al., 2022; Stefanescu et al., 2011a), complementing correlational studies
covering the whole set of species monitored by citizen science programmes (Colom et al.,
2022; Melero et al., 2016, 2022; Stefanescu et al., 2011b; Ubach et al., 2022).
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These approaches would help to estimate the parameters governing the key biological
processes underlying ecological responses to climate change. Yet, to obtain relevant and
realistic outcomes, these process-based models should be simulated with climatic infor-
mation at relevant temporal and spatial scales (Briscoe et al., 2023; Buckley et al., 2023a).
Macroclimatic data is already accessible worldwide, but it has been repeatedly shown that
most organisms and ecological processes are more tightly linked to climatic conditions at
finer scales. While obtaining microclimatic data for the vast majority of organisms is still
challenging, a myriad of new methods developed in the last years are increasingly filling
this information gap with both in-situ and modelling tools (Buckley et al., 2023b; Gril
et al., 2023; Kearney and Porter, 2017; Kemppinen et al., 2023; Lembrechts et al., 2021a,b;
Maclean et al., 2021; Man et al., 2023; Pincebourde and Casas, 2006).

Consolidating a predictive global ecology could further benefit from iterative mod-
elling schemes that continuously indicates the most important data needs (e.g. based on
parameter sensitivity; Urban et al., 2016, 2022); the simulation of virtual sets of traits and
microclimates to identify the most vulnerable species (Urban et al., 2016); and the de-
velopment of flexible and accessible models that can accommodate to general modelling
needs, such as hybrid correlative-mechanistic approaches (Buckley et al., 2023a; Urban
etal., 2016).

Therefore, despite developing a predictive global ecology will be an enormous en-
deavour, the many improvements developed until the day suggest that this effort might
be both feasible and worth doing. Comparable global efforts boosted the forecasting ca-
pacity of climate science in the past decades (Urban, 2019), and there are already many suc-
cessful cases of increasing predictive capacity through process-based modelling in multi-
ple ecological fields such as tree hydraulics and drought-induced tree mortality (Anderegg
et al,, 20153,b; Cochard, 2021; De Céceres et al., 2021; Mantova et al., 2022), species dis-
tribution modelling (Buckley et al., 2010, 2023a; Urban et al., 2023), population ecology
(Caswell, 2001; Jenouvrier and Visser, 2011; Jenouvrier et al., 2014, 2015; Paniw et al., 2023;
Rees and Ellner, 2009), and biophysical and thermodynamic biology (Briscoe et al., 2023;
Buckley et al., 2023b; Kearney and Porter, 2017; Maino et al., 2016; Pincebourde and
Woods, 2012). Overall, while a predictive global ecology built on process-based models
could overcome many of the shortcomings of correlative approaches, the first also comes
with other epistemological limitations, such as the reductionism of an inherently com-
plex nature, that should be kept in mind (Levins, 1966).

6.3 Potential improvements and lines of future
research

In previous sections I already discussed other possible processes mediating P. napi
responses to climate change that could be further explored in the field (Section 6.1.5) and
some practical ways forward to extend the outcomes of this thesis to other study systems
(Section 6.2.2). Yet, the process-based models I employed could also be fine-tuned and
complemented with new features in the future.



6.3. Potential improvements and lines of future research

The dynamical model I used to predict heat-induced mortality based on the TDT
curves of . napi already represents an important step forward to translate experimentally-
determined thermal tolerances into insect’s performance in nature. Specifically, it enables
the shift from a threshold approach —where the risk of suftering significant heat injury
in the field is assessed by comparing the upper thermal tolerance limits with the maxi-
mum environmental conditions (Sunday et al., 2014, and Fig. 2.3)— to one that captures
the additive, time-dependent, and cumulative effects of heat injury in fluctuating thermal
conditions (Rezende et al., 2020b, andFig. 4.5). The TDT approach has gained resurgent
attention in thermal ecology in the past decade and is consolidating as a robust frame-
work to assess ectotherm responses to stressful temperatures (Bigelow, 1921; Bigelow and
Esty, 1920; Huey and Kingsolver, 2019; Jorgensen et al., 2021, 2022b; Orsted et al., 2022;
Rezende and Santos, 20125 Rezende et al., 2011, 2014, 2020b; Santos et al., 2011). However,
it could be further improved by integrating in a common dynamical model the effects on
insects’ performance of temperatures fluctuating in permissive as well as stressful ranges
(Jorgensen et al., 2021; Drsted et al., 2022). Nonlinear effects of varying temperatures
on insect performance are captured by thermal performance curves (TPC), and there
have been some recent advances to combine them in a common modelling framework
with TDT curves (Jorgensen et al., 2021; Drsted et al., 2022). This combined TPC-TDT
framework would enable, for instance, to assess the role of insects’ homeostatic capacity
at permissive temperatures in buffering the damaging impacts of thermal stress through
the repair of the heat injury (Jergensen et al., 2021; Orsted et al., 2022).

Another potential line of future work could focus on integrating the effects of organ-
ism size on the modelled responses. For instance, in this thesis I showed that both extreme
thermal exposure and drought-induced plant scarcity during larval development produce
significant decreases in adult size (Figs. 2.2 and 6.3), which are likely to have relevant ef-
fects on adult fecundity and survival (Degutetal., 2022). Moreover, smaller larvae are also
more vulnerable to heat challenges than larger ones (Table 4.2). Therefore, future mod-
elling efforts could benefit from additionally integrating the dynamic increase in size in
the TPC-TDT framework (von Schmalensee et al., 2021a), and also from the addition of
a size covariate in the structured population models I employed, shifting from a matrix
population model (MPM) to an integral projection model (IPM; Ellner and Gucken-
heimer, 2006; Rees and Ellner, 2009).

Finally, to fine-tune the predictive accuracy of P. nap: responses to climate change,
the models I used in this thesis could be complemented with other biophysical models
predicting insects’ body temperature based on their thermoregulatory behaviours across
the microclimatic mosaics (Buckley etal., 2023b; Kearney and Porter, 2020; Kearney et al.,
2009b; Woods et al., 2015, and see Fig. 2.2 for larval thermal avoidance behaviours and
Fig. 4.2 for adult microhabitat sampling). Further improvements could also try to inter-
connect current models predicting physiological and population responses with process-
based models addressing other key dimensions of ecological responses to climate change
(Buckley et al., 2023a; Urban et al., 2016, 2022). For instance, by integrating multispe-
cific interaction networks into population models to predict community-wide responses
(Brodie et al., 2018; Paniw et al., 2023), by considering dispersal and meta-population dy-
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namics (Brown and Kodric-Brown, 1977; Hanski, 1999), or addressing the evolutionary
and plastic feedbacks on insects’ adaptive traits (Buckley and Huey, 2016; Kearney et al.,
20093; Kingsolver and Buckley, 2017).

To conclude, combining multiple sources of detailed information and approaches is
critical to understand, as I did in this thesis, the complex set of interlacing processes that
weave the rich fabric of life we rely on. The efforts needed to predict how the human
unravelling of various fabric strands will propagate through this intertwingled tapestry
are titanic, but the advancements made until the day make the challenge worthwhile.









Chapter 2

* The demographic dynamics of Pieris napi populations in the Catalan territory are
tightly linked to summer drought conditions, forming a heterogeneous geographic
mosaic of increasing, stable, and declining populations.

* The empirical quantifications conducted in the field show that the vulnerability
of P. napi populations to increasing drought and heat climate change impacts is
shaped by multiple interrelated ecological processes occurring at local and micro-
climatic scales. Specifically, non-declining P. nap: populations benefit from effec-
tive microclimatic buftering provided by their selected microhabitats and the year-
round availability of host plants in good condition. In contrast, declining P. napi
populations have limited access to microclimatic buffering eftects and the availabil-
ity of fresh host plants is interrupted during summer.

* The experimental determination of the thermal death time curve for P. napi sug-
gests that their larvae would withstand the microclimatic temperatures on most
days, except when thermal amplification feedbacks raise foliar temperatures of their
host plants beyond their thermal tolerance limits.

* Pieris napi wing size plastically varies with temperature, showing only a marked
size reduction in the summer generations of the lowland declining populations.
Therefore, P. napi wing size can be used as a reliable phenotypic biomarker of the
geographic variation in P. napi population exposure to climate change impacts.

Chapter 3

* The intense monitoring of host plants reveals that drought’s indirect impacts on
declining P. nap: populations are mediated by the plant’s plasticity in their pheno-
logical cycle and vegetative growth.

* Droughtimpacts P. nap: populations sequentially. First, late spring and early sum-
mer droughts accelerate the host-plant die-off, exposing the third generation of .
napi to a period of low-quality food resources. Then, late summer drought post-
pones the development of host-plant autumn resprouts, exposing the fourth gen-
eration of . napi to a period of resource scarcity.

Chapter 4

* Combined field, experimental, and modelling analyses reveal how thermal adap-
tations and heat-induced mortality coherently vary with the differences in the mi-
crohabitat use and microclimatic exposure of P. nap: and its sister species Preris
rapae.
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* Pieris rapae selects open microhabitats to oviposit, where microclimatic tempera-
tures are higher, more extreme, and subject to foliar and soil thermal amplification
processes. In agreement, they present a thermotolerant adaptive strategy, allowing
the species to have higher survival rates than its counterpart during an acute heat

challenge.

* The partially-covered microhabitats where P. napi lays their eggs offer, instead, a
more thermally-buffered and homogeneous microclimate that can be better with-
stood by this thermosensitive butterfly than by Pierss rapae.

* Thermal mortality values predicted from thermal death time curves and micro-
climatic field series offer a robust assessment of insect vulnerability to increasing
heat impacts based on the intensity, duration, and accumulation of heat stress at
relevant scales.

Chapter s

* Matrix population models enable the prediction of P. napi population growth
rates based on the probabilities for any individual of the population to transition
through all the stages of its complex life cycle.

* The elasticity analysis on the transition matrices indicates that early life stages can
play crucial roles in insect population dynamics despite being usually neglected in
the studies of climate change impacts on insects due to their low detectability.

* The projection of the matrix population model at present-day regimes of extreme
heat and drought events indicates that current declines observed in some P. napi
populations are driven by drought impacts on their host plants, validating previ-
ous field observations and offering new evidence of the critical role that indirect
processes can have in mediating insect responses to climate change.

* The non-proportional increase in the frequency of low-likelihood high-impact ex-
treme climatic events relative to milder extremes is predicted to produce more se-
vere and regionally-widespread declines of P. napi populations as the climate changes,
potentially emerging as a new and overlooked climatic threat for biodiversity.
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Chapter 2 - Supporting materials

A.a  Supplementary figures and tables
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Figure Ar: Observed relationships between seasonal rainfall (summer, spring—summer rains) and summer
monthly temperatures (June-July) for three sites located at different elevations over the studied period
(1994—2012). Water availability was estimated applying the standardised precipitation index (SPI).



A.1. Supplementary figures and tables

Figure A2: Photographs of the four sites inhabited by the studied 2. nap: populations. (a) Site 1. Lowland
wetlands. Population of Lepidium draba. Delta del Llobregat Natural Park. Early spring (March). (b)Site
2. Lowland wetlands. Aiguamolls de ’Emporda Natural Park. Landscape view. Early spring (March) (c)
Site 2. Lowland wetlands. Aiguamolls de ’Emporda Natural Park. Population of Lepidium draba. Early
spring (March). (d) Site 2. Lowland wetlands. Population of Brassica nigra. Early spring (March). (e)
Mid elevation site 3. Landscape view. Natural Park of the Zona Volcanica de la Garrotxa. Can Jorda. (f)
Mid elevation site 3. Flowering plant of Alliaria petiolata. Late spring (May). (g) Mid elevation site 4.
Montseny Natural Park. Landcape view. (h) Mid elevation Site 4. Population of A//iaria petiolata. Early
spring (March).
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Figure A3: Landmarks used for the quantification of wing length, area, and melanism.
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WG1. Wing condition 1 WG2. Wing condition 2

Figure A4: Observed variation in wing condition in Pieris napi samples.
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Figure A6: Comparison of June maximum temperatures (A) and June rainfall (B) over 19942015
recorded at the location of the LICORG6400 measurements (leaf stomatal conductance and leaf surface
temperature, Aiguamolls de PEmporda wetlands, lowland site 2). The year 2015 was the second warmest
of the series and was also characterised by reduced rains (values below the mean for the 19942015 time
period). Horizontal lines indicate the mean value for the 1994-2015.
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Tukey-Kramer test; R*=0.35; p=0.0005
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Figure A7: Comparison of June rain values recorded at the three sites over the 1997-2007 decadal drought
period. The line across each diamond represents the June rainfall mean for each site. The vertical span of
each diamond represents the 95% confidence interval for each site.
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Figure A8: Observed significant demographic trends for 1994—2015 at sites 2 (A) and 3 (B). Site 4 main-
tained a stable and non-significant population trend during 19942015 (not shown), in line with the trends
reported in Fig. 2.1.
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Figure Ag: Observed effects of rearing temperature (20, 25 °C) on larval developmental time.

148



A.1. Supplementary figures and tables

Time to death (hours)

Time to death (hours)

Frequency of
maximum daily temperature

30

20 | . o TDT,,: R?=0.95, p=0.001

e TDT,, : R?=0.88, p=0.002
104
7 -
5 4
4 -
3 -
2 -

1 Pierisnapi, site 2
— T 1 T " T T T T 1

37 38 39 40 41 42 43 44
Thermal treatment (¢ C)

700 1 , - 525h (20°C)
400 J LP : Duration of the larval period 371 h (25 C)
200 A TDT for a mean daily exposure of 6 h to

100 : maximum daily temperatures (TE6h)

50 7 .
E . Threshold for thermal
20 1 avoidance behaviour
10 !
] !
53 i 1
3 4 1 Lo A
- 1 Pieris napi
1 1 : Thermal death
3 1 time response (TDT
0,5 3 ] . p ( )
0,3 . . 1
1
Olr——rT1T 1T T T T T T T

31 32 3334 3536 37383940 41 4243 44

Maximum daily temperature (° C)

Mean daily temperature 20°C ~ Mean daily temperature 25 °C

Lowland sites 1 &2 Lowland sites 1 &2

— — b

I | ’ P

T 1 T T T T T T 1 L UL UL USLIUSLIUSLIL
22 23 24 25 26 27 28 29 30 31 32 26 28 30 32 34 36 38 40
Mid-altitude sites 3 & 4 Mid-altitude sites 3 & 4

— b — d

{3t H i

T T T U T U T T T T T T T T rrirTr 1T
22 23 24 25 26 27 28 29 30 31 32 26 28 30 32 34 36 38 40
Temperature (° C)

Figure Aro: Legend on next page.
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(Legend from Fig. Aro). Thermal death time (TDT) realtionships. a) Observed TDT fits
for 100% of larval mortality and 50% of larval mortality (Rezende et al., 2014). b) Thermal
thresholds for the duration of the larval period (LP, yellow line), and a mean daily expo-
sure of 6h to stressful, maximum daily temperatures (TE6h, orange line). The thermal
threshold for behavioural avoidance behaviour is also illustrated (red dotted line). ¢) Ob-
served variation of maximum daily temperatures in summer days characterised by mean
daily temperatures of 20 °C (panels a and b) and by mean daily temperatures of 25 °C (pan-
els cand d). The thermal thresholds for LP, TE6h and TAB are indicated. The vertical line
within the box represents the median sample value. The diamond describes the mean and
the upper and lower 95% of the mean. The left and right sides of the diamond represent
the upper and lower 95% of the mean. The ends of the box represent the 25th and 7s5th
quantiles. The red bracket outside of the box identifies the most dense 50% of the obser-
vations. The lines that extend from each side of the box indicate the following distances:
2sth quantile - .5x(interquartile range) and 7sth quantile + r.sx(interquartile range). A
shadowgram is illustrated, overlaying multiple histograms with different bin widths.

Lepidivm draba

[+
=
1

==
S —

-
w
1

¢

Ri=0.67, p=0.0001

Photosynthetic rate (umal m-*s"}
=]
|

=

3 ' 4 ! 5 "B

300 - @
A A

280 z

260

2404

F'=0.55, p<0.0001

220 T 3 T 5 T 3

3
maonth

Sub-stomalal CO, concentration (Ci)

Figure Axx: Observed monthly variation of leaf photosynthetic rates and sub-stomatal CO3 concentration
for the lowland plants Lepidium draba. The line across each diamond represents the mean. The vertical
span of each diamond represents the 95% confidence interval for each treatment.
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Lepidium draba
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Figure Ax2: Observed temporal relationships between leaf C/N content and plant phenological change
(Lepidium draba,lowland population, site 1).
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Pieris rapae
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Figure Ax3: Observed relationships between normalised body mass and temperature in other temperate
butterfly species (data extracted from Forster et al., 2012).
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Table A2: Number of butterfly samples collected at each site. Numbers in brackets for 2015 indicate the
number of samples used for isotopic analyses.

Site Number of butterfly samples
2014 2015 TOTAL
1 168 | 164 (70) 332
2 169 | 190 (90) 359
3 269 | 137(78) 406
4 90 78 (32) 168
Total number | 696 | 569 (270) 1265

Table A3: Number of adult individuals obtained for each family line.

Female (code) ‘ Number of butterflies in the F1

Site 2
Female 1 (AECS) 27
Female 2 (AED) 33
Female 3 (AED2) 25
Female 4 (AED3) 27
Female s (AED4) 31
Site 3
Female 6 (CJ1) 8
Female 7 (CJ3) 24
Total number 175

Table A4: Summary of the LascarElectronics EL-USB-2-LCD sensors located a host plant microsites.

Sensor ‘ Habitat type ‘ Host plant
Lowland sites

I closed Lepidium draba
2 closed Lepidium draba
3 open Lepidium draba
4 open Lepidinm draba
5 open Lepidinm draba
6 open Lepidium draba
7 open Brassica nigra
8 open Brassica nigra
Mid-elevation sites

9 closed Alliaria petiolata
10 closed Alliaria petiolata
11 closed Alliaria petiolata
12 closed Alliaria petiolata
3 open Alliaria petiolata
14 open Alliaria petiolata
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Table As: Summary of the meteorological stations. From the links, we obtained the following climatic vari-

ables: daily mean, maximum, and minimum temperature, relative humidity, solar radiation, atmospheric
pressure, wind strength and direction, rainfall.

Meteorological stations | Link to the data CBII?/IISStirrl:relste(itt}(llim) Elevation (m.a.s.l)
El Prat (site 1) Link to the data 2.04 8)
Sant Pere Pescador (site 2) | Link to the data 3.37 4
Olot (site 3) Link to the data 2.96 433
Viladrau (site 4) Link to the data 5.15 953 m

Table A6: Number of samples of each host plant species in the stoichiometric analyses (%C and %N).

Species ‘ Sample size
Lowland populations
Lepidinm draba 146
Brassica nigra 72

Mid-elevation populations

Alliaria petiolata ‘

73

Table A7: OLS models with the single selected climatic predictor.

Population Climatic predictors | Estimate t P R?* | AIC, | BIC
Site 2. Summer rainfall
(Lowland) (June) 8.80+3.10 | 2.84 | o0.0113 0.32 | 27142 | 272.65
Site 3 Summer rainfall 26+ p 5 sorss | 20016
(Mid-elevation) (June) ’ 034 | 365 | 0:0020 | 0-44 0715 09-

Table A8: OLS models selecting two climatic predictors. OLS models are shown for populations having
complete demographic time series (1994—2012) and also showing significant populations trends (sites 2 and

3)-
Population Climatic predictors Estimate t P R? | AIC. | BIC
Site 2 Summer rainfall .94 £2.96 | 4.03 | 0.0010
(Lowland) .(]une) 0.52 | 268.24 | 269.17
Previous autumn
temperature 155.33 £ 6119 | 2.54 | 0.0219
(October)
Site 3 Summer rainfall 1.67+0.30 | 5.49 | <0.0001
. . (June) ) ’ ’ ’ 0.66 | 200.86 | 201.78
(Mid-elevation)
Autumn
temperature 10.43 £3.22 | 3.23 | 0.0052
(November)
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Table Ag: OLS models combining climate and dynamic landcover data.

Population Predictors Estimate t R? | AIC, | BIC
Summer rainfall N p
Site » (June) 71+237 | 3.67 | 0.0023 . .
(Lowland) Previous autumn 075 | 259:50 | 259
temperature 187 £ 46 4.04 0.00I1
(October)
Grassland
3.34E-3
and herbaceous £ 804 3.74 | 0.0020
meadow cover P4t4
Summer rainfall
. 1.44 £0.21 | 6.68 | <0.0001
Site 3 (June) 0.8 189.0 189.1
(Mid-elevation) Autumn o5 909 19
temperature 6.63+£2.37 | 2.79 0.0138
(November)
Wetland and
. 5.80E-3
continental 436 | 0.0006
+1.33E-3
water cover

Table Axo: Variance inflation factors (VIF) associated to the reported coefhicients in Table A8. VIF values
higher than s units indicate possible effects of collinear predictor variables in the standard errors of the esti-

mated coeflicients. All observed VIF values were lower than s units and associated to small design standard

errors relative to the standard error in the coefficients.

Coefficient Design
Population Climatic predictors VIF 5
standard error standard error
. Summer rainfall
Site 2 (June) 2.96 1.40 0.01
(Lowland -
Previous autumn
temperature 6119 .25 0.27
(October)
. Summer rainfall
Site 3 (June) 0.30 .21 0.01
Mid-elevati
(Mid-elevation) Autamn
temperature 3.22, 1.21 0.08
(November)
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Table Axrx: Variance inflation factors (VIF) associated to the reported coeficients in Table Ag. VIF values
higher than s units indicate possible effects of collinear predictor variables in the standard errors of the esti-
mated coefficients. All observed VIF values were lower than s units and associated to small design standard
errors relative to the standard error in the coefficients.

Population Climatic predictors stif;friglzrriz)r VIF stangi:ig:rror
Summer rainfall
Site » (June) 2.37 1.40 0.01
(Lowland Previous autumn
temperature 46 125 0.27
(October)
Grassland
and herbaceous 8.94E-4 L2 5.21E-6
meadow cover
Summer rainfall
Site 3 (June) 0.21 L.21 0.01
(Mid-elevation) Autumn
temperature 2.37 139 0.09
(November)
Wetland and
continental 1.33E-3 116 4.96E-5
water cover

Table Ax2: Summary of the OLS model analysing the effects of treatment, sex, and family on butterfly
wing size (mm) in the split-brood common garden experiment (20 vs 25 °C) for site 2.

Model fit: R? = 0.32, P < 0.0001, AIC, =3447.31

Variable df | Sum of squares | F'ratio P
Thermal treatment | 1 9.677E10 35.90 <0.0001
Sex 1 2.842E10 10.54 0.00I5
Family 4 6.680E10 5.27 0.0006

Table Ax3: Parameter estimates of the OLS model for the split-brood common garden experiment for
lowland individuals (site 2). The model describes the effects of treatment (20 and 25 °C), sex and family on

wing size variation (length, mm).

Term Estimate | Std Error | ¢ ratio P Lower 9sCI | Upper 95CI

Intercept 399760.14 | 4550.64 | 87.85 | <.o001 390759.13 40876115
Treatment [20] | 27642.77 4613.46 5.99 | <.000I 18517.52 36768.02
Treatment [25] | -27642.77 | 4613.46 -5.99 | <.0001 | -36768.02 -18517.52
Sex [Female] -14395.60 4433.10 -3.25 | 0.00I5 -23164.11 -5627.08
Sex [Male] 14395.60 4433.10 3.25 0.00I5 5627.08 23164.11
Female [AECS8] | 16739.70 8991.73 1.86 | 0.0649 -1045.58 34525.00
Female [AED1] | -24545.58 8287.69 -2.96 | 0.0036 -40938.31 -8152.84
Female [AED2] | 2784175 93351.96 2.98 0.0035 9343.93 46339.56
Female [AED3] | -21064.05 9120.41 -2.31 | 0.0225 -39103.88 -3024.21
Female [AED4] 1028.17 8696.17 0.12. 0.9061 -16172.51 18228.86
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Table Axr4: Summary of the OLS model for the split-brood common garden experiment considering both
lowland (site 2) and mid elevation individuals (site 3). The model describes the effects of site, treatment (20
vs 25 °C), family and sex on wing size.

Model fit: R? = 0.37; P < 0.0001, AIC. = 4248.05

Variable df | Sum of squares | F ratio P
Site I 567174780.77 0.2114 | 0.6463
Temperature[Site] | 2 169582508213 | 31.6022 | <.000I
Family/Site] 5 56797751889 4.2338 | o.0012
Sex I 30618217610 11.4116 | 0.0009

Table Axs: Parameter estimates of the OLS model for the split-brood common garden experiment for
lowland and mid elevation individuals (site 2 and 3). The model describes the effects of treatment (20 and
25 °C), sex and family on wing size variation (length, mm).

Term Estimate | Std Error | ¢ ratio P Lower 9sCI | Upper 95CI
Intercept 430694.58 | 6969.52 61.80 <.0001 41693174 444457.42
Site 2 -3208.16 6977.73 -0.46 0.6463 -16987.19 10570.87
Site 2xtreatment | -55297.77 9205.26 -6.01 | <0.0001 -73475.55 -37119.99
Site 3xtreatment | -98553.96 18921.63 -5.21 | <0.000I -135918.82 -61189.10
Sex[Female] -13518.75 4001.87 338 | 0.0009 -21421.31 -5616.19

Table Ax6: Buffering and amplification effects observed in host plant microsite climatic data. Thermal
offsets are calculated from the difference between macroclimatic and microclimatic records. Negative val-
ues indicate thermal buffering effects (microclimate cooler than macroclimate), and positive values, mean
ground level thermal amplification (microclimate warmer than macroclimate).

Montane-
Microsite Site Thern:al Std err Lower | Upper to-lowand
offset (°C) 95CI 95CI .
ratio
Lowland
Closed (sites1and 2) 079 032 LAz 05 6.58
Mid-elevation
(sites 3 and 4) -5.20 o.17 -5.55 -4.85
Lowland
Open (sitesrand 2) 190 018 134 226 .60
Mid-elevation
(sites 3 and 4) 3.04 0.28 2.49 3.58

Table Ar7: Summary of the OLS model for the experiment analysing the effect of thermal treatment,
family, and larval weight on thermal death time (TDT).

Model fit: R? =0.81, P < 0.0001

Variable df | Sum of squares | F'ratio P
Thermal treatment | 1 6.108 117.796 | <0.000I1
Family 5 1.067 4.115 0.0033
Larval weight I 0.502 9.674 0.0031
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A.2  Phenotypic biomarkers of climatic stress

A phenotypic biomarker is a trait or measurable characteristic that is objectively mea-
sured and evaluated as an indication of the biological state of an organism or a specific
biological process (Colin et al., 2016; Group, 2001).

We hypothesise that phenotypic biomarkers of thermal stress on insect performance
should present a critical trait value beyond which negative effects on larval performance
tend to occur in natural populations (Fig. A14a). This critical trait value (P*) should bein
turn associated to a threshold value of thermal stress (7). In the range of studied stressful
temperatures, it would be a desirable feature that the phenotypic biomarker responds
linearly to temperature variation (as in Fig. A14). In thermally buffered sites, we would
expect the observation of biomarker values higher than P* (Fig. A14). In the next section
we develop a simple mathematical model for a formal definition of the 7™ value. This
model alsoillustrates how 7™ values may be modified in specific field locations by thermal
buffering eftects, larval behaviour and host plant quality.

A.2x A simple model integrating thermal effects on survival and
fecundity, habitat and behavioural thermal buffering, and
host plant quality effects

Thermal performance curves can described by Gaussian, quadratic, Weibull, or expo-
nentially modified gaussian functions (Angilletta, 2006). In the case of quadratic func-
tions, insect performance functions such as survival (S) and fecundity (F') can be de-

scribed as:
S=al -bT?+k (A.x)
F=cT-dT? + ky (A.2)

Fecundity and survival functions are often maximised at intermediate temperatures
(Kingsolver and Huey, 2008). In Eqs. A.r and A.2, parameters a and ¢ describe posi-
tive effects of temperature on survival and fecundity, respectively. b and d describe neg-
ative effects of warm temperatures on organism performance. The available empirical
evidence indicates that thermal conditions can differently affect fecundity and survival
functions. For example, for insect model species such as Drosophila melanogaster opti-
mal temperatures for insect fecundity are higher than for survival (Kingsolver and Huey,
2008). Fig. Ars and the parameters in Table A18 A simulate this case.

Survival and fecundity are key determinants of population growth. For example, the
instantaneous growth rate of a population growing exponentially according to equals to:
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a Phenotypic
biomarker
g 12.8
S . summer conditions
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Figure Ax4: (a) Conceptual figure for the

Maximum daily summer tempertures (° C)

definition of phenotypic biomarkers of climatic stress. (b)

Observed variation of maximum daily temperatures in sites 1—4. Experimental TDT and TAB thermal
thresholds are illustrated (yellow, orange, and red lines, see Fig. Aro for detailed definitions).

dN

2N
ar "

where 7 is the sum of instantaneous survival rate per individual (s) and the instanta-

neous birth rate per individual (¢):

r=s+ao
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Figure Axs: A plot of Eqs. A.rand A.2. The parameters are specified in Table A18.

We could hypothesise that phenotypic traits linearly associated with temperature such
as body mass and wing length might act as biomarkers of negative effects on insect per-
formance only beyond a threshold temperature (7).

Negative effects on population growth should be observed when 7 < o. In the Egs.
A.rand A .2, if we assume that constants k; and k3 = o, the threshold temperature causing
negative effects on butterfly demographic performance would equal to:

a+c
T* = A.
N (A3)

=
S8

Asillustrated in Fig. A16, setting the parameters specified in the Table A18, 7 would
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Table Ax8: Parameter values in Fig. Ars

Parameter | Value
a 215
b 0.055
c 2.00
d 0.065
]{51 o
kg (0]
equal to 34.6 °C.
[
&
o ]
= a+c
Tw—
b+d
T
(=N
= o - 1
g
E
=
g
£
£ o
5 !
=
o
N -
I
o
|"F| —
T T T T T T
15 20 25 20 5 40
Temperature (*C)

Figure Ax6: Simulated threshold temperature (7™) for negative effects on demography applying quadratic
thermal performance functions (Egs. A.1and A.2).
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Table Axg: Parameter values in Fig. A1y

Parameter | Value
a 215
b 0.055
c 2.00
d 0.065
k’l (¢]
kg (0]
e 0.003
f 0.003

Modelling the effects of habitat and behavioural thermal buffering

Habitat and behavioural buftering can reduce the impacts of extremely warm environ-
mental temperatures on insect survival functions. In this simple model, we could model
the positive effects of habitat and behavioural buftering on survival with the parameters

eand f:

S=aT -bT?+eT?+ fT? + ky (A.4)

The positive effects of habitat and behavioural buftering would then increase the
threshold temperature 7™ for the observation of negative effects on insect performance.
Fig. Ar7 and the parameters in Table A19 A simulate this case.

In this case 7™ would equal to:

a+c

“bid—e-f

*

Note that negative effects of habitat thermal amplification could be modelled setting
the coefhicient e as a negative value.

Modelling the additional effects of host plant quality and thermal stress

Similarly, we could hypothesise that reduced host plant quality due to summer drought
and thermally induced advanced plant phenology would negatively impact the survival
curve. Butterfly larvae increase host plant consumption in thermally stressful conditions,
balancing water and energy losses due to thermal stress. Reduced host plant quality dur-
ing summer drought could therefore significantly alter the organism water balance and
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Figure Ax7: A simulation of the observed change in the threshold temperature (7™) for negative effects
on butterfly performance. Due to the positive effects habitat and behavioural buffering on insect survival
(parameters e and f in Eq. A.4 and Table A19) the critical temperature 7™ increases from 34.6 °C (simula-
tion without buffering, left curve) to 36.4 °C (with habitat and behavioural buffering effects, right curve).
This simulation illustrates how habitat and behavioural buffering change critical threshold environmental
temperatures, protecting in this way insects from the effects of extreme temperatures. Because body size
and wing length are linearly related to environmental temperatures during growth, in thermally buffered
populations we would expect to observe larger individuals when exposed to the same maximum daily tem-
peratures, due to larger 7" values in buffered sites.

the metabolic costs associated to thermal stress. We could model these negative effects on
survival introducing an additional parameter (g):

S=al —bT?+eT?+ fT2 - gT? + I (A.s)

and T™* would equal in this example to:

. a+c

“btd-e—f+g
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Setting the following parameters (Table A20, g = 0.01), reduced host plant quality
would imply more negative impacts on larval performance of high summer temperatures,
and the critical value for negative effects (77*) would be reduced from 36.4 °C t0 33.46 °C
in this example (Fig. A18). In a similar way, the negative effects of leaf surface thermal
amplification could we modelled adding an additional parameter to the model (h).
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Figure Ax8: A simulation of the observed change in the threshold temperature (7™) for negative effects
on butterfly performanc based on Eq. A.s and the parameters from Table Azo.




A. CHAPTER 2 - SUPPORTING MATERIALS

166

Table A20: Parameter values in Fig. A18

Parameter | Value
a 2.1
b 0.055
c 2.00
d 0.065
k?l o
]{J2 o
e 0.003
f 0.003
g 0.01
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Chapter 4 - Supporting materials

B.r Characterisation of the host-plant microhabitats
from open—closed ecotones. Measurement and
analysis of the vegetation cover and classification
of microhabitats according to their degree of
closure.

We have termed open—closed ecotones the areas where open habitats contact with closed
habitats and the transition zones in between, which present diverse microhabitats differ-
ing in their degree of closure. The present study assessed whether microhabitat variation
across ecotones generated interspecific differences in thermal exposure, thermal mortal-
ity, and host-plant condition of two closely-related butterflies. For this reason, we mea-
sured vegetation cover in each microsite of host plant monitoring, which represented the
different microhabitats from open-closed ecotones. Measurements of vegetation cover
considered, on the one hand, the canopy that shrubs and trees provided and, on the other,
the ground cover by herbaceous plants, as both vegetal layers could influence microenvi-
ronmental conditions of the studied host plants (medium-size herbs). The measurements
were repeated each monitoring day in order to additionally assess the temporal dynamics
of vegetation cover in each microsite.

Shrubs and trees’ influence on each microsite was assessed through the measurement
of the canopy closure (i.e. “the proportion of the sky hemisphere obscured by vegetation
when viewed from a single point”; Jennings, 1999). Canopy closure is supposed to be
more tightly associated with light and microclimatic conditions at the understory than
canopy cover, which just takes into account the vertical projection of tree crowns on the
floor (Jennings, 1999). The method of measurement consisted in visually estimating the
percent area occupied by the canopy, assigning it to one of the cover classes defined by
Daubenmire (1959) —o—5%, 5—25%, 25—50%, 50—75%, 75—95%, and 95-100%— and taking
its midpoint. The ocular estimation was conducted in each one of the vertical and the

167




B. CHAPTER 4 - SUPPORTING MATERIALS

four cardinal directions, separating shrubs from trees. For the four cardinal directions,
total canopy closure was then calculated as the mean of shrub closure and tree closure, as
no overlapping between these two vegetal layers was assumed to occur. Because trees and
shrub layers were considered to overlap in the vertical projection, the maximum of the
two canopy closure values was taken as total canopy closure in this case. Finally, canopy
closure in each microsite was calculated as the mean value of canopy closure in the five
directions.

The herbaceous layer was characterised both as herbaceous ground cover and as mean
herb height. Herbaceous cover was estimated by the point-intercept method. A rope with
15 knots separated by distances of 5o cm was randomly placed in the host plant microsite.
For each knot, we annotated whether it contacted an herbaceous plant or, contrarily, if
it had fallen on bare soil. Herbaceous cover was then calculated as the relative frequency
of knots covered by herbs. In addition, height of herbs (cm) was also measured in the
herbaceous plants contacted with the rope (or in the nearest herb in case the knot fell on
bare soil) and the mean of the height of these 15 individuals was then calculated.

Data analyses were conducted with R version 3.6.1 (R Core Team, 2019). They were
based on a careful examination of canopy closure, herbaceous cover, and herbs height
data including both analyses of spatial variation between microsites in each study site
(ANOVA and post-hoc Tukey test) and the assessment of their temporal dynamics (LOESS).
Combining this information with field observations during the monitoring period, we
finally classified the host-plant microsites into four microhabitat types: closed (C), semi-
closed (SC), semi-open (SO), and open (O). Photographs of the different microhabitat
types for each site can be found in Fig. B2. The main results of the analyses of vegetation
cover are shown in Fig. B3. More open microhabitats (i.e. open and semi-open) were char-
acterised by presenting a mean canopy closure of the whole monitoring period inferior to
50%. Because shrubs and trees had a sparser distribution there, the herbaceous layer was
considered to be more determining for these microhabitats. Semi-open microhabitat cat-
egories were then assigned to open areas (such as fields or path margins) with taller herbs
and higher herbaceous cover (Fig. B3). Microhabitats more integrated in the forested
and shrubby areas of the open—closed ecotones presented values of mean canopy closure
greater than 50%. Among them, those that tended to reach inferior values of maximum
canopy closure (Fig. B3d) or reached them later (Fig. B3b) were classified as semi-closed
microhabitats to differentiate them from the closed microhabitat category.

During the census of oviposition behaviour we weren’t able to characterise micro-

habitat closure with this degree of detail, so we decided to integrate semi-closed and semi-
open microhabitats in a unique category (intermediate canopy closure).
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B.2 Supplementary tables

Table Bx: Information on the installed standalone data loggers.

Site Microhabitat | Sensor code | Firstyear | Last year
C sI2, 2014 2018
SC Si4 2014 2017
SC SIS 2014 2017
Mid-elevation SO SI 2017 2018
SO s3 2014 2017
O s6 2014 2018
(@) s7 2014 2017
C SII 2017 2018
C s13 2014 2017
SC s2 2017 2018
Lowland SO S4 2017 2018
SO 3 2017 2018
O s8 2017 2018
(@) $9 2017 2018
O SIO 2017 2018
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Table B2: Summary of all the variables measured in the field. When not specified, sample size refers to the
number of plants (or leaves x plants) sampled in each microsite and monitoring day.

Type Variable Sample size Measured Period of mea-
species (site) surement

=

3 . .

2 I Microhabitat selected to

_% oviposit, time of the day, and egg | 139 ovipositions | P. napi & P. ra- | Summer 2017

a position from 43 females | pae (bothsites) | (site 2, 2 days)

.5 & summer 2018

Z (site 1, 4 days)

&,

=

©)

2. Foliar temperature during

é oviposition (underside) 67 leaves ‘3 ];iﬂ(znggj
—g (site 2)
; 3 Mlcroha.bltat ar temperature 15 data loggers (both sites) 2014—2018
= (at 25 cm height)
g (hourly)
@ 4. Soil temperature (10 cm depth)
kst 5. Soil surface temperature (ex- | 3
= posed to and protected from sun)
6. Air temperature above the host
plant (1 m height)
7. Foliar temperature (upper and March-
underside) 3%3 A. petiolata October 2017
8. Soil moisture 3 (site1) & L. (every two
9. Phenological stage Is draba (site 2) weeks)
10. Stem length 3
1. Foliar length “
é 12. Foliar width 373
a. 13. Foliar chlorophyll content 3 X3
3 14. Foliar fresh weight
e 15. Foliar dry weight
16. Foliar water content 3%3
17. Foliar density
18. Number of fruits 90 plants June 2017
(once)



B.2. Supplementary tables

Table B3: Number of larvae used in the heat tolerance experiments for each static thermal treatment (44,
42, and 40 °C), site, species, and family line. Mean + standard deviation of larval initial weight (in mg) is

also shown
Site  Species  Family Total 44°C 42.°C 40°C
Mid-elevation site 97 39 38 20
P. napt 31 15 16 o
A 7 7 o o
B 6 2 4 o)
C 3 o 3 o
D 15 6 o
P. rapae 66 24 22 20
E 8 8 o o
F I o o I
G 19 6 7 6
H 14 5 S 4
I 24 5 10 9
Lowland site 113 40 33 40
P. napt 58 20 18 20
] 5 5 o o
K 27 s s 17
L 5 5 o o
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